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The thermolysis of 2-vinyloxirane has been studied 
in the gas phase over the range 292 - 312°C (E. eed 8 es} 
peel eas log A = 14.1) and found to give rise to 
Z,o-auny dco Urahbes.bULeKo lew (Ey mandls) = ee puted ad O- 
gether with carbon monoxide and propene. 

Chiral 2-vinyloxirane has been synthesized, optically 
pure, from D=mannitol. The “racemization of Zevinys> 
oxirane has been studied in the gas phase over the 
temperature range 240 - 275°C (Ee = 4h,2 Wee Weer Woe vie 
Mevep ty SS shoe 

Cis ang fans —s3[Veuterio=Z-vinyloxiimane shave been 
synthesized by a stereoselective route utilizing as a 
key step the disiamylborane/protonolysis reduction of 


an alkyne to an aikene. 2-Vinyloxirane-3,3-d, has been 
synthesized by a route utilizing the lithium aluminum 
eee Reducti On «r anes ter -asicthe methodsor Jintro- 
duction of deuterium. 

The kinetic deuterium isotope effect on the over- 
all decomposition (sagt REO sare? Oca le, Bini! per 
deuterium) of 2-vinyloxirane has been studied at 307.4°C. 
Aes low Cus transe isomerization of “the 3-deutenio-2Z-vinyl = 
oxiranes has been detected during thermolysis. 


A study of the racemization of 2-vinyloxirane-3,3-d. 


(obtained by a partial asymmetric hydroboration) showed 
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NG sigmiticant "sOCOpe 6] Tect on themrate of “racemiiza- 
Conk 

The facile racemization of the 2-vinyloxirane system, 
andeitine? tornatlon ote 2.5-dihydroftumran,. | haves been “initern- 
preted in terms of a reversible electrocyclic carbon- 
carbon ring opening to a planar carbonyl-ylide. 

(Res slows relative to thermolysis i wcisctra is also 
NS Zoe Ono met nea ae elle hone Vinhyvaloxtealesiiase Deen 
interpreted ina terms oF two possible mechanisms: (A) that 
Lterat is.eSulas 1a) fhesult) of ane rsomerizat Won rormearcanrpony i 
ylide intermediate, and (B) the preferred interpretation, 
is that it is a consequence of a carbon-oxygen biradical 
intermediate formed on the Pa aet ar coordinate for the 
thermolysis to butenals. 

It has been suggested, from a study of the deuterium 
distmibution tmetne butenals. that 3-butenal and/or its 
dienol tautomer are the primary products of carbon- 


oxygen bond cleavage of the oxirane ring. 
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A. Psomesa cation of “cyclopropanes 


The thermal isomerization of strained cyclic systems 
has been extensively studied in an effort to elucidate 
the mechanisms of bond-cleavage processes. The thermoly- 
sis of cyclopropane and its substituted derivatives has 
been the focus of considerable attention and has resulted 
in the identification of the occurrence of structural, 


geometrical and optical isomerization processes. 
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structural | 
aan ner nr a ar ne R, 
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geometrical 
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optical 
——_$_________+ > 
R R 


The trimethylene biradical, first proposed (1) as 
anntermedtacve ten thers truccural isomerization, of cy clo- 
propane to propylene, has more recently been applied (2) 


as a general concept to explain the structural and 
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geometrical isomerizations of substituted cyclopropanes. 
A hydrogen shift in the trimethylene intermediate (TMM) 
Cal tOrmariyeaecount for the olefin formation and iinter= 


nal@rotatron of TMM@can account for “geometrical tsomer= 


ization. The perplexing question of the mode of formation 
ae se CH 
7 oe . A — 
. 2 e 2 3 
of IMMoehas. been a subject of much controversy. 1s. it 


produced as an intermediate of random stereochemistry, 

or is there a degree of stereochemical integrity retained 
ducing Its formation? “the first evidence wor “ayplanar 
trimethylene intermediate which suffered a preferred 
conrotatory reclosure was provided by Crawford and 


Mishra (3) inthe thermoliysis of cis and  thans-335- 


dimethyl-l-pyrazoline. 
CH CH CH “CH 
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On the basis of quantum mechanical calculations 
Hoffman (4) has suggested that TMM should have a planar 
geometry with the terminal hydrogens and the three ring 
carbons in a common plane, and should be formed and re- 
cyclized by synchronous conrotations of the terminal 
methylene groups. Until recently, a definitive experi- 
mental verification of the theoretical prediction of 
the mode of cyclopropane stereoisomerization has not 
been forthcoming. In a series of elegant studies, 

Berson (5,6) has demonstrated the operation of a syn- 
chronous double methylene rotation process in the chiral 
li,2-dideuteriocyclopropane and chiral J-phenyl-2- 
deuteriocyclopropane systems. 

The thermal decomposition of vinylcyclopropane has 
been found (7) to give rise to mainly cyclopentene to- 
gether with small amounts of 1,4-pentadiene and (E) and 
(Z)-1,3-pentadienes. the formation of the products has 
been interpreted by the intermediacy of a biradical, 
but the possibility of a concerted path to cyclopentene 
has also been considered (8). Willcott and Cargle (9) 
SUOWe cist id Cue g UIE hiNO WySd\S 80 f MCN Se cede Ube GuOm Valiby duc y/G lO 
propane ted to complete cis-trans equilibration of the 
deuterium label at least five times faster than the 
structural isomerization to cyclopentene. They suggested 
Ghat cd shandonebaradied)! Was  Fesponsip | ear or athe ecis-—tnans 


equilibration. Since the starting material was achiral 
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thesis tereocchen ical’ natune: of “the biiradics FP intermediate 
was not clearly defined. 

(ni “anlatenistudy (10)* these authors ‘observed that 
theatienmolysiseot cis 1% 2-didewrerio=trans-3-Vinyl= 
cyclopropane gave trans-2,3-dideuterio-I-vinylcyclopropane 
Set Ww LCemUieineaLemo ime Tormationn of (Clis-2 3 -ddeutLernlo—cis- 
I-vinylcyclopropane. Their experimental result was con- 


sistent with a mechanism in which the stereochemistry was 


lost simultaneously at two centres. 


D H 


It should be noted that it was assumed that only the most 
substituted bond broke, an assumption shown to be invalid 
fom the stereoisomerization of chiral l-phenylcyclopropane- 
22S ebG eet Convaas tudyeot “the racemizatilonvofetrans— | y2- 


divianyilcyclopropane, Arai and Crawford (11) coneluded 
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that the ring opening was not aconcerted electrocyclic 
process. Baldwin (12) has suggested that a one-centre 
epimerization may be a viable mechanism for the thermal 


rearrangement of 1,2-dialkenylcyclopropanes. 


B. isomerization of oxiranes 

Oxiranes provide an interesting system for the study 
of both carbon-carbon and carbon-oxygen bond cleavage 
processes. Although the thermolysis of simple oxiranes 
is complicated by surface catalysis, a recent study of 
2,2,3,3-tetramethyloxirane has minimized this drawback 
(13). The mechanism has been discussed in terms of a 
pair of initially formed biradicals produced by the 
Fission of a carbon-carbon or carbon-oxygen bond, which 
can either rearrange or decompose to produce the observed 
products. Flowers (14) has shown that a competitive, 
bUL=s lower, Cis-thans isomerization accompanies: the 
thermal decomposition of cis) and trans-2;73-dimethy1l— 
oxirane. He suggested that the rotation about the carbon- 
oxygen bond in a biradical intermediate, at a rate slow 
relative top product, formation, may account for the cis- 
trans isomerization. 

Recent theoretical calculations (15) have shown that 
the open form of a variety of three-membered ring systems 


is essentially a linear combination of the structures: 
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The ring open form of oxiranes is a 4m electron system 
since the lone pair electrons on the oxygen mix with 

the p-orbitals on the terminal carbons. The highest 
occupied molecular orbital of this system is antisym- 
metric and resembles the allyl anion (4), and thus orbital 
symmetry considerations (16) suggest it would exhibit 
synchronous conrotatory closure. The above theoretical 
predictions were also applied to the aziridine system, 
which is isoelectronic with the oxirane system. 

Huisgen (17) has convincingly demonstrated the 
stereospecific thermal conrotatory and photochemical dis- 
rotatory processes in trisubstituted aziridine systems. 
In the absence of dipolarophiles a thermal equilibration 
was observed, and accounted for by rotation in the azo- 


methine ylid. 
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Ullman and Milks (18) provided early evidence for a 
reversible ring opening in an oxirane system. Thermal 
treatment of the oxirane at 80 - 100° gave a red solu- 
tion which faded on cooling and regenerated the starting 
material unchanged. Treatment of the red solution with 


dimethyl acetylenedicarboxylate produced a 1:1 adduct. 


Ph Ph CH,00C-C=C-COOCH Ph 3 
0 as @ \ 
<a 
oS ey OOCH 
Ph Aa Ph ; 
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Arnold and Karnischky (19) reported that the thermal or 
photochemical treatment of a 5-oxabicyclo[2.1.0]pentane 
system produced a colored species capable of undergoing 


a 1,3-dipolar cycloaddition. 


Ph 0 Ph Ph EER ae lt CN 


The stereospecific ring opening and reclosure of cis and 
trans-2,3-diphenyloxirane with the production of a colored 
intermediate was observed during low temperature photoly- 


sis by Griffin et al. (20). It was noted however that 
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2-phenyloxirane, under the same conditions, failed to give 
rise to a colored intermediate. 

Huisgen (21) has demonstrated the thermal stereo- 
Specific conrotatory carbonyl ylide ——*=oxirane intercon- 
version in the einen tase vaneeorheane system. in 
the absence of a dipolarophile, a thermal equilibration 
was observed to produce an 83:17 ratio in favor of the 


trans-diphenyl isomer. 
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It should be noted at this point that systems designed 
to test carbonyl ylide formation have used highly substituted 
oxiranes, where carbon-carbon bond cleavage is thus 
favored over competitive carbon-oxygen bond cleavage. 

The racemization of oxiranes provides an extremely 


sensitive test for the reversible carbonyl ylide formation 
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The racemization and cis-trans isomerization of 2,3-dtary l- 
oxirane has recently been studied by Macdonald and 
Crawhorda (22 )e It was observed that trans-|l-phenyl-2-p- 
tolyloxirane racemizes, at 207°, 220 times faster than it 
UNnGengoes stpans-cis —1someri zation A reversible con; 
rotatory ring opening was invoked to explain this observa- 
PON DU teetinemnOde LOtestial si cls |! SsOmentzatlOnmeouldunot 
clearly be defined. 

Vogel (23) has shown that the thermolysis of trans- 
2,3-divinyloxirane (1) gives rise to 2-vinyl-2,3-dihydro- 
furan (2) and 4,5-dihydro-oxepin (3). The cis-oxirane 


(4) was found to isomerize readily above 50° to produce 
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10. 


Carbon-carbon bond cleavage to a biradical was in- 
voked to explain these observations, together with a 
concerted Cope rearrangement for the conversion 4 aes 

Recent attention has been focussed on the stereo- 
chemical aspects of the 2,3-divinyloxirane rearrangement. 
Chuche (24) has shown that the thermolysis of trans-(E,E)- 


2,3-dipropenyloxirane (5) gave only 6a and J. 
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The mechanistic course of the reaction was explained by 
the formation of the carbonyl ylide 8 which underwent an 


internal rotation to produce ylide 9. 
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It was suggested that a five centre (67) disrotatory 
closure of 9 produced 6, and a three centre (41) con- 
rotatory closure generated cis-oxirane which rapidly 
suffered a Cope rearrangement to 7. 

Recent work in our laboratory (25a) has established 
the facile racemization of (+)-trans-2,3-divinyloxirane 
and a slower but competitive rearrangement to racemic 
2-Vvrny |=253-dihydroturan. “The formation of a carbony.| 
ylide was invoked to Ene ein the racemization and the 
formation of the products. The racemic nature of the 
dihydrofuran produced allowed the exclusion of a concerted 
sigmatropic migration as a viable mechanism for its forma- 
tion. The thermolysis of the terminally-~deuterated trans- 
Ly o-dtv iny loxiranes 10 and M has also recently been 


Studied in our laboratory (25b). 
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Isotope effects were examined and the suggestion was made 
that both the dihydrofuran and dihydrooxepin products are 


produced from a common intermediate. 
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Theoretical calculations have suggested that the 
carbon-carbon bond in the oxirane ring system should 
thermally undergo a preferred conrotatory mode of open- 
ing and recyclization. The stereospecific detection and 
interception of this ring-open form has been convin- 
cingly demonstrated for oxirane systems containing sub- 
stituents capable of considerable electron delocalization. 
The intermediacy of a carbonyl ylide has been suggested 
as a rational mechanism for the isomerization of disub- 
Stituted ethylenic and phenylethylenic oxirane systems. 

A common factor of the oxirane systems selected for 
Study has been the assumption that carbon-carbon bond 
cleavage proceeds with the exclusion of competitive 
carbon-oxygen bond cleavage. It would thus be of con- 
siderable interest to examine the isomerization of an 
oxirane system wherein carbon-carbon Sey carbon-oxygen 
bond cleavage processes would be expected to be com- 
petitive processes. The 2-vinyloxirane system was thus 
selected for study, although the thermal isomerization 
had not previously been reported. By the utilization of 
deuterium substitution a minimal perturbation of the 
system would be expected, and a useful mechanistic probe 
into the thermal isomerization would be provided. The 


thermolysis of chiral 2-vinyloxirane should provide a sen- 
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sitive test for the possibility of a reversible bond 


cleavage process. 
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A. Synthesis 

2-Vinyloxirane (12) was prepared by the base cata- 
lyzed cyclization of |-bromo-3-=buten-2-o0l, The latter 
was obtained from butadiene by treatment with N-bromo- 


succinimide in the presence of water. The n.m.r. spectrum 
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The cis-3-deuterio-2-vinyloxirane (13) was prepared 


as outlined in Scheme ll. 3=Butyn-I1-ol (14) was obtained 
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by the action of sodium acetylide on ethylene oxide accord- 
ing to the procedure of Schulte and Reiss (26). Treatment 
of 14 with thionyl! chloride and pyridine according to the 
procedure of Roberts (27) furnished 4-chloro-1l-butyne (15) 
which was subjected to barium oxide catalyzed deuterium 
exchange to produce 16. The stereospecific reduction of 

16 Lo (Z)-4=chioro—l—=butene—l=d. (17) was effected by the 
disiamylborane/protonolysis procedure of Brown (28). The 
epoxidation of \7 Withemeta-chloroperpenzo le ac iden 
methylene chloride produced the oxirane (18) which on 


treatment with powdered potassium hydroxide according to 


the procedure of Reppe (29) furnished the desired cis-3- 


deuterio-2-vinyloxirane (13). The n.m.r. spectrum of 1 


AUS) 


is shown in Figure 2. The deuterium content of 13 could 
not be determined by mass spectrometry because of the 
extreme ease of fragmentation even at low ionization 


potentials. It was estimated to be 96.82 cis-d, by 


i.m.r. integration. 

The trans-3-deuterio-2-vinyloxirane was prepared by 
modification of the sequence outlined in scheme 1. 
Treatment of 15 with disiamylborane followed by deuteroly- 
Sis with deuteroacetic acid produced (E)-4-chloro-l=but- 
ene-I-d (19). The deuterium content of 19 was not as high 
as expected, possibly due to the presence of water ee: 


deuteroacetic acid. 
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The trans-3-deuterio-2-vinyloxirane (20) was obtained 
from iS by the same procedure outlined in scheme |! for 
the conversion of 7, to 13. The n.m.r. spectrum of 20 
is shown in Figure 3. The deuterium content was calcu- 
lated as 81.4% trans-d) from integration of the n.m.r. 
Spectrum. 


Uhew2-vinyloxitrane=3,3-d5.)(2))wasepteparedsassout— 


2 
lined in scheme 2. Acrolein was condensed with sodium 
cyanide in the presence of acetic anhydride according to 
the procedure of Chedron (30) to give 22. Thewescid— 
catalyzed methanolysis of 22 gave methyl 2-hydroxy-3- 


butenoate (23). which was reduced rto 3-buten-l;,2-diol-— 


i,l-d, (24) by lithium aluminum deuteride in ether. 
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The treatment of 24 with one equivalent of Paecolmenesiul lic 
fonyl chloride in pyridine gave the monotosylate (25) 
which on heating with powdered potassium hydroxide pro- 


duced the desi ned  2-vinyloxirane=3,3->d, (2192s hes nemeace 


Z 
spectrum of 21 is shown in Figure 4. The deuterium con- 
tent was calculated to be 98.5% from integration of the 
n.m.r. spectrum. 

Chiral 2-vinyloxirane was prepared from an optically 
pure precursor as outlined in scheme 3. Commercial D- 
mannitol was converted to the 1,2-5,6-diisopropylidene 


derivative (26) by treatment with zine chloride in acetone 


following the improved procedure of Tipson (31). 
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The lead tetra-acetate oxidation of 26 according to the 
procedure of Baer (32) gave PSopropylidene-0-glycerdalde- 
hyde (27). This substance readily polymerized in the 
presence of water and was preferably used immediately for 
the next step. The treatment of 27 with methylene tri- 
phenylphosphorane under salt-free conditions according to 
the procedure of Schlosser (33) gave the dioxolane 28, 
VilenaWasainenunydnody zed: tom(=)o( Sis abuten—lesaqd tol (29) 
with hydrochloric acid in ethanol. The diol (23) was 
converted to (+)-(S)-2-vinyloxirane (30) as previously 
described for the conversion of 24 to 21. The optical 


rotation of the (+)-(S)-2-vinyloxirane thus prepared was: 


[olegg + 8-306, [al32, + 45.883 (6.959 g/100 ml, 
2-propanol). 
On the assumption that no racemization occurred in the 
sequence 29 to 30 then this measured rotation corresponds 
to _an, optical purity. of at least 95%. 

Several unsuccessful synthetic routes to chiral 2- 
vinyloxirane-3,3-d, were investigated, but were abandoned 
Inetavor Ofeaypartials asymmetric destruction. » The treat= 
ment of 21 with di-3-pinanylborane by an adaption of the 


PEeocedure of ebrowne (34)egaver\-)-(R) -2-vinyloninanéag,3- 


dy (31). 
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Bi. Thermolysis of 2-vinyloxirane 


The thermal decomposition of 2-vinyloxirane was carried 
OuUU ina 1000 mio Pyrex. flask situated Inia welll thermostated 
air bath as described in detail in the experimental section. 
The reaction was found to proceed at a convenient rate at 
temperatures around 300°. The components of the reaction 
mixture were cleanly separated by gas chromatography on a 
VOett 1 /Seinel.dcolumn of 10% B-B Oxydiproplonitr ile on 
80-100 mesh high-performance chromosorb WAW/DMCS. A 
typical gas chromatogram is shown in Figure 5. 

A qualitative analysis of the products was performed 
by allowing the reaction to proceed to approximately 50% 
completion and subsequently trapping the products by liquid 
nitrogen cooling. Non-condensable product was identified 
by high resolution mass spectrometry, the only product 
found being carbon monoxide. In the same manner propene 
(not condensable at -78°) was also identified. The con- 
densable products were separated by preparative GC on 
ODPN at 40° and identified by mass spectrometry and 
comparison of their n.m.r. spectra with those of authen- 
tic compounds. The thermal decomposition of 2-vinyloxirane 
was thus shown to produce the products illustrated in 


scheme 4. 
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FIGURE 5. Gas chromatogram of the products from the thermolysis 


of 2-vinyloxirane (12) at 307.4° obtained on the 10 ft 
ODPN column at 30°. 
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thes VvoOO MHz on. mre spectrum of the 2, 3-dihydrohunran 
isolated from the thermolysis is shown in Figure 6. The 
n.m.r. spectrum was in agreement with that previously 
published (35). 

Thes(E) sand (Z)=2—-butenaletsomens=couldenot, be 
separated by preparative GC and the 100 MHz spectrum of the 
mixture! obtatned is shown in Figure 7.) The signals attri- 
buted to 34 and 20 are readily discernable and are in 
good agreement with the values previously reported (36). 
The methyl groups of 34 and oe appear as doublets of 
doublets. centred ato 2.03 and 2.17 (reported 6 1293 and 
2.10) respectively. The aldehyde protons resonate as 
doublets centred 9.42 and 10.04 6 (reported 6 9.40 and 


10.6) respectively. The B-vinyl protons resonate as a 
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multiplet centred in the 66.8 region (reported 6 6.85 and 
6.64, for Be and 35 respectively), and the a-vinyl protons 
resonate as a multiplet centred in the 66 region (reported 
6 5.99 and 5.81 for 34 and 35 respectively). The slight 
discrepancy of the values observed and those reported was 
attributed to a combination of concentration and tempera- 
ture effects as well as instrument calibration. 

The 100 MHz n.m.r. spectrum of the 3-butenal isolated 
from the thermolysis is shown in Figure 8. This is the 
first time that the n.m.r. spectrum of 3=butenal of rela- 
tively high purity has been obtained. Earlier attempts at 
GC purification of 3-butenal in this laboratory have re- 
sulted ain almost, 502 isomerization to (E) and (Z)-2-but- 
enal. Inspection of Figure 8 shows that the 3-butenal 
contains about 10% (E)-2-butenal as evidenced by the 
methyl resonances at 6 2.03 and the aldehyde routes at 
6 9.42. The doublet possessing further fine splitting 
centred at 6 3.1 (2H) was assigned to the methylene group 
deshielded by adjacent vinyl and carbonyl functions. The 
multiplet centred in the 65.2 region (2H) was assigned to 
the terminal viny! protons, and that centred in the 5.9 
region (lH) to the lone vinyl proton. The aldehyde proton 
appeatedwas a triplet. (1H) centred at, 6 95.62. 

Quantitative rate experiments were conducted in the 


static Pyrex vacuum system over the range 292 to 312° 


meets 
eqonden Heals 
Meares 
: 


: 
oem ‘ | 


ane : 
Wdodteine 
7 , j 
aris ant Cis, |! 4% 
mips "agit 4 


5! Wee 


oii. 


with a temperature control of better than + 0.1°. 1,2- 
Dimethoxyethane was chosen as an internal standard as it 
had a convenient GC retention time between that of 35 
butenal and the 2-butenals and was shown to be thermally 
Stablerunder the reaction ‘conditions. 

Reactant samples were prepared by degassing a mix- 
ture of dry 2-vinyloxirane (140 mg) and freshly purified 
anhydrous 1,2-dimethoxyethane (130 mg), which was then 
expanded into the evacuated reaction vessel from the 
heated (100°) inlet system. | 

The decomposition was followed by periodically ex- 
panding an aliquot to the vacuum line and analyzing the 
product on the GC system that was connected directly to 
the vacuum line. The product composition was determined 
by electronic integration of the thermal conductivity 
detector response which was assumed to be equal for each 
of the components. The relative detector response was, 
however, inconsequential to the rate study since the ratio 
of oxirane/standard was used directly to follow the dis- 
appearance of the 2-vinyloxirane. Reproducible results 
were obtained only after the reaction vessel had been "aged" 
by treatment with light hydrocarbon (Skelly B) at 350° 
followed by two treatments with hexamethyldisilazane at 
R00 ee lraces Oh oxyaen stapldly destroyed the’ sumiace 
condition of the reaction vessel as noted in a related 


study (13). This resulted in an accelerated decomposition 
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of the oxirane with a concomitant increase in the pro- 
portion of 3-butenal produced early in the reaction. 

The rate constant of a first-order gas phase reaction 
Orothiessrype 


k 
Ao —————— Products 


is given by the equation 


= 2 oe 
log Cc. = log Os (rss) t 


where k is the first-order rate constant, S is the con- 
centration of A at time t and Ce Ps) tne: militia | sconceenti-a- 
tion of A. If the rate of decomposition of 2-vinyloxirane 
follows first-order kinetics then a plot of log(oxirane/ 
standard) versus time should be a straight line of slope 
-k/2.303. Linear first-order plots were obtained as 
indicated in Figure 9 which shows a typical plot of 
log(epoxide/standard) versus time for a kinetic run at 
307.40°. The decomposition was thus ‘shown to follow first 
order kinetics, and the rate constant together with the 
associated error limits was determined by application of 
the method of least squares (37). 

In this instance, the time values are assumed to be 
correct, and all errors are assumed to reside In the re- 
corded values of log(epoxide/standard), each of which is 


given equal weighting. In place of the equation form 
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y = satcty DX. alt) iS Simpler to converteto: the, Orme Yeo bX 
For fitting to the equation in this form the following 


relationships are used: 


Deo ae Dat dix? = n(x)’, > XY = Sexy - nxy 


The term b in the least squares equation is given by 


bee eKy Do 


The least squares line passes through the point x, ys and 


the term, a, is therefore given by 


a= y -bx 
An estimate of the standard error of the term b is given 


Dy. 
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The term, n-2, represents the number of degrees of freedom 


yy ~ bAUXY 
v2 


which in the case of a straight line fit is two less than 
the total number of data points. 


An estimate of the standard error of the term a is given by: 
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The association of particular confidence limits wi 


an estimated mean value implies a prediction of the re- 


GLP 


th 


liability of this estimate as judged from both the spread 


of the data and the number of data in the sample from 
which the mean has been estimated. A commonly accepted 
practice is to quote the term ''Probable Error'' which is 


given for a least squares analysis as: 


Probable Error (stope) = 0.6745 x Standard Deviation 
(slope) 

The "probable error'' is that magnitude of deviation who 
probability of being exceeded is one-haif, i.e. it cor- 
responds to a 50% confidence limit. The usefulness of 
the standard deviation as a predictor decreases conside 
ably as the sample size decreases, but some compensatio 
for errors involved in predicting from small samples is 
provided by the use of a table of "'t'' values. Thus the 


confidence limits of b and a are given by 


Ete x sve. (5) 
and 
+t x erevan 
where the valuesor 't!*isechosen) from al tabierot Sty 
values for a particular confidence level, a commonly 


chosen level being 90%. 
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65 programmable pocket calculator to perform a least 
Squares analysis and calculate the associated errors, 
and this is detailed in the Appendix. 

The rate constants for the thermal decomposition of 
2-vinyloxirane at various temperatures are shown in 
Table |, the individual values of the rate constants are 
given in the Appendix. 

The effect of the temperature on the rate constant 


is given by the Arrhenius equation: 


°E /RT 
k = Ae 2 


where E. is the activation energy and A is the frequency 


factor. This can be expressed in a logarithmic form as: 
E 
log k = log A - oa 5 (2) 
| 2.303R 7 


Thustaplotroretogsk versus (1/1) show ldegqiver a strangnt 
line of slope ~E,/2.303R and an intercept corresponding: 
to log A. The activation parameters were determined by 

a least squares analysis in which the rate constants were 
not rounded off for computational purposes. The values 
of the activation parameters together with their 90% 


confidence limits were determined to be: 
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First-order rate constants for the thermal 


TABLE OL 


of 2-vinyloxirane 


Temperature Number of 
(2G) runs 

292.70 4 

257 soz 7 

302.16 6 

307.40 8 

312.50 8 


23% 


decomposition 


10°k (eee) 


+ probable error 


4.18 + 0.13 
6.15 + 0.21 
8.38 + 0.26 
12.42 + 0.15 


WiecortnOn29 


at 90% confidence 


4.18 + 0.22 
Ga SaeOe 25 
8.38 + 0.31 
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FIGURE 10. 


E/ex lO 
Plot of log k versus 1/T for the thermolysis of 


2-vinyloxirane 


34, 
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A graphical plot of log k versus (1/T) is shown in Figure 


10. 


C. Racemization of 2-vinyloxirane 

To further delineate the mechanisms of the thermal iso- 
merization of 2-vinyloxirane, a study of the racemization 
of chiral 2-vinyloxirane was undertaken. 

A preliminary experiment was conducted by heating a 
sample of “chiral 2-vinyloxirane at’ 292.70. “in othe static 
Pyrex system for one half-life of the thermal decomposition. 
The products were trapped with liquid nitrogen and the 2- 
vinyloxirane was separated by preparative GC on ODPN at 
FO-S) the opticall rotation of a Solution of ‘the recovered 
2-vinyloxirane in 2-propanol was measured at each wavelength 
available on the Perkin Elmer Model 241 polarimeter. At 
each wavelength the optical rotation was found to be zero. 
Thus the racemization process is considerably faster than 
that for the thermal decomposition. 

The racemization process was then studied in the static 
Pyrex vacuum system over the range 255° to 275°. The 
sample (1 gram) was degassed, transferred to a breakseal 
and introduced to the reaction vessel from the heated (100°) 
inlet system. Recovery of residual sample showed that 
approximately 0.8 g had been introduced, to give an initial 
pressure of about 0.5 atm in the reaction vessel. Aliquots 


(~70 mg) were recovered periodically, analyzed by GC and 


os 


ris 6 gg ters ata. 


a | 


- a » : ™ 6 : 
~ < P at 
scq4 n i gad hapeaee slr Sreeniteb tse7%@ 
m5 7 
sgt. 7 lakh i (ome ' /¥ 
: ‘ * owt ¢ \ 
oS 
a Ji ) : a! 
< »ft3 9 ov yl a U 
' ~ >i 5 bet] yo 
a 4 } sins ‘Se 
, ’ rc ay i} 
i a 
> i 7 ¢ ; - 7 } 
¥ _ * 
rays a VIS TOR a, ba 
i] 
j + Se } Ane) Jai 17.8 3 ei 
oJ € 2 fn? son 
i 
ure ae ni < ay : 
meso, 140194 SRG 
. = 7 
y 
oll 
‘ if . iia OF nail ¢ ow ee 708 he 66 \RSRe 
ia 7 
oe : : 
2th an “del. syenet "SAl TA¥g SR tege way 
= a 
ee ~p-ficsays Ti géane® , Batre ene 92 56 
("ag '] e atti teeny neIisges” eed oe 
. - 


a? Re - 
oe¢3 Sswora, 2 7tee PEMbPARt To 4 ts9com! 


5 7 


Tee! We avrg rs rina . a a: nats 


Oe beciav tai a as i 
1 7 : = ee: 7 - .. rb id 2? 
tne aR ed Raping RR an 


7 ; s 7 7 


SO. 


084 


00°SS5Z 22 OueAIXO[AUIA-Z j4O UOIJeZIWeDe41 BYR 404 ([°0] /[71}) 601 4O 30[d 


07H 


09¢ 


O0€ 


(uw) wig 


OC 


O8l 


O0Zl 


tileaEnois 


09 


Sc20= 


02°0- 


S1°0- 


Ol 0- 


S0°0- 


({°e]/[°»]) 601 


a. a = 
Pi oUF foes om 
. ‘piel ser 


SGbvieDt yal eee Moone tasifese’ st vol [7 SL sige) Were, Lee 


a7, 


the optical rotation determined of a solution in 2-pro- 
panol in a thermostated 1 dm cell. The specific rota- 
tions were calculated with a correction applied for the 
percentage thermal decomposition that had occurred. 


the rate constant (k was determined from the 


a 
ore. 


data in the following manner. For a first-order gas 


phase reaction of the type A 


w& products, it is known 


that 
JOS lal, : lal,, Beds Te where 
z ee 
[oe elon 
Lol | =—s specific rotation at iuime:= <0 
fo], =" specific rotation at time = t 
[oes specif icerotatlonvatsmores than Oshalfelives 
k = first order rate constant ke : 
obs 


Since (eae was previously shown to be zero a plot of 

log (fa] ,/fol) versus time should give a straight line 
of slope equal to -k/2.303. A typical plot is shown in 
Figure 11]. The rate constants were evaluated by a least- 
Squares analysis and together with the associated error 
limits are given in Table II. The rate constant for the 
interconversion of the two enantiomers (k,) is related to 


the observed rate constant (Kare) by the relationship 
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TABLE oii 


First order rate constants for the racemization of 


2-vinyloxirane (sec a 


6 5 5 5 
Run # Temp. (°C) 10 Kone 10 k 10°ky 


9 . 
+ probable error at 90% confidence level 


265.0 3.96 + 0.05 1.98 + 0.03 1.98 + 0.08 
2 265.0 3.92 + 0.05 1.96 + 0.03 1.96 + 0.07 
3 275.0 8.22 + 0.06 4.11 + 0.03 4.1} + 0.09 
\ 255.0 1.77 + 0.02 0.855 +0.01 0.885 + 0.03 
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2. = k e 
RY obs 
The Arrhenius activation parameters for the racemiza- 


tion process were determined from the relationship 
log k.= Tog A = E /2.303RT 


by plotting log k versus (1/T), as shown in Figure 12. 


obs 


The values of log A and ES were determined by a least- 


Squares analysis as 


+ Probable error At the 90% 
confidence 
level 
log A 135 GEEZ 7 eee ia 
E_(Kcal.mole |) Kh.2 + 0.7 Wied l 6 


The complete kinetic data from which the rate constants 
and the activation parameters were determined is given in 


the Appendix. 
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FIGURE 12: 


Var 2 thee 


Plot of log k versus 1/T for the racemization of 


2-vinyloxirane 
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41. 


De Thermolysis of deuterated 2-vinyloxiranes 

The racemization study indicated that a rapid re- 
versible ring cleavage process was accompanying the ther- 
mal decomposition of 2-vinyloxirane. lt was anticipated 
that the presence of deuterium on the oxirane ring would 
influence the overall kinetics of the rearrangement 
process and also provide a sensitive probe into the mode 
Of formation oT the products. Thus» thescompounds cis 
SSUueurLet1O-2-Vinyloxtrane (13) Crans- o> deuter1O-2—Vi nya 
oxinane (20) and 2-vinyloxirane-3,3-d, (219) were syn- 


thesized and their thermolyses investigated. 


D 
H D 
0 
y - \ 
H D H 
IIe 20 21 
(i) Vsotope effect on the overall decomposition Fate 


The thermolyses of 2-vinyloxirane (12) and the 
deuterated 2-vinyloxiranes were conducted in the static 
Pyrex system at 307.40°C as previously described. For 
each run a plot of log (epoxide/standard) versus time 
gave a good straight line and the rate constant was 
determined by a least squares analysis. The observed 
rate constants together with the associated error 
Lintieseanre adi ven in wable Il ly indivadual rate data are 


detailed in the Appendix. 
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TABLED Lb 


* 
Observed rate constants for the decomposition of deuter- 


ated 2-=Vinyloxiranes at 307.40 -C 


Compound Number of Observed rate roe Rie een) 
ae constant eye SMO A eXeH y= 

ho probable ennor fidence level 

12 8 228 #0201 len2 207-011 

13 3 106272 702.0)) le OGe 003 

20 3 10 Je a0 1.07 + 0.02 

21 3 0.98 + 0.01 0.98 + 0.02 
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Not corrected for isotopic purity. 
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TRESODServed “nate vconstants were corrected for the =i so- 
tOpic i purrty of the oxirane as determined by n.m.r. 


where 


13 96.58% 0d EPPA Saxe 
~ —| =—C) 
Z0 81.4% d 18.6% d 
— | ma) 
21 98.5% d, 1.5%¢ d. 


The corrections were made by using the equation 


Lei nae Kdo x mol. fraction d 
k=e(corrected) = sanieas = ane 


¥ mol. fraction d 


The corrected rate constants and the calculated values 


of kK are given in Table IV. 


(ii) Isotope effect. on the racemization rate 

The deuterium isotope effect on the rate of the 
racemization process was investigated by comparing the 
rate Of racemization of (+)—(S)-2-vinyloxirane with that 
of chiral 2-vinyloxirane-3,3-d,. The study was con- 
ducted by heating concurrently samples of the oxtranes 
(Oeg00) Sitebreakseals  (~/5 ml volume) in the weli-=ther- 
mosStated o1f bath at 240.0" (controlled to better than 
Onis Ors thendutaton O71 =the thermolysis). The products 
Were Separated by preparative GC and the specific rota= 


tion of the recovered oxirane measured in 2-propanol] at 
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TABLE 


lV 


Deuterium isotope effects on the thermolysis of 2-vinyloxiranes 


Compound 


Je 
n“ 


13 


~~~ 


20 


~~ 


21 


~~ 


10k corrected 


(eer u) 


k kp (at 90% 


conf idence 
level 
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where n is the number of deuterium atoms per molecule 
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both 436 nm and 365 nm. The first-order rate constant 
for the facemizavion process was calculated from the 


relationship 


oO 226303 [co], 
log 
obs t [o] 
fe) 

oO : ; 
where k = 2k (racemization) 

obs 

[a], ="specific. rotation at tilmemt. sec) 

[ol], Sispecific rotation at) & = 10 

a 


The mean values of k for XP) (S)=2=viny lexi rane (30) 


obs 
and (SJ UR e2s vin yloxt rane =353-d> (31) are given in 
Table V. The complete kinetic data are detailed in 


the Appendix. Thus the value of kU/ky was calculated 


COnmDem ir Ole 070/74 Cet ive 90% confidence level. 


(rigieia) Vetiteriumalocation in the thermolysis products 
Samples of the oxiranes (0.3 g) were thermolyzed 
in the Static Pyrex air-bath system at 307.40.) The 
products were trapped with liquid nitrogen cooling 
and then separated by preparative GC on the 6 ft ODPN 
colunmnoat 40cm “khe Location of the deuterium in, the 
products was determined by comparison of the 100 MHz 
hiiieesPectra with those of the products from non-= 


deuterated 2-vinyloxirane. The application of deuterium 
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TABLE V 


Observed rate constants for the racemization of 30 and 31 at 240.0°C 


6 


Compound Number of runs 10 ik (Gecau) at 90% con- 


bs 
fidence level 


30 6 4.02 + 0.14 


31 3 35999405 


~~ 
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magnetic resonance spectroscopy (d.m.r.) proved to be a 
useful adjunct to the conventional 100 MHz n.m.r. for 
the location of deuterium in a molecule. The 13.81 MHz 
proton decoupled d.m.r. spectra were measured in dilute 
solution in carbon tetrachloride with deuteriochloro- 
form as an internal reference. 

The  LOOs Mizner. Spectra Ot sthesthermolysius 
products from 2-vinyloxirane-3,3-d, are shown in Figures 
Seer atrdenis> cam FA comparison of the dihydroturan pDro- 
duced (Fig. 13) with the corresponding non-deuterated 
product (Fig. 6) shows two salient features: the 
absence of the C2 triplet (6 4.2) ™=and=sthe simplification 
of the €3 multiplet (652.6). These observations are con- 
sistent with the location of both deuterium atoms at C2. 

The 100 MHz spectrum of the 3-butenal produced 
(Fig. 14) displays the presence of a small amount of 
(aes butenalmasmevidencedubys thesdoutmlet oo202- athe 
absence of the Cl aldehyde signal (6 9.8) is consistent 
with exclusively deuterium located in the aldehyde group. 
The considerable decrease in the C2 methylene signal 
(Case meSeconsistent. with a deuterlumemigratvon to: C2. 
mheetwWwOevViny les gialseslneathe o 5.9 -andi0m5. 2 reqions im 
the approximate ratio 1:2 suggests that deuterium is absent 
from C3 and C4. These conclusions are confirmed by an 


inspection of the corresponding d.m.r. spectrum (Fig. 16). 
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The spectrum displays only two distinet deuterium siqnals: 
2.3 ppm downfield (C1-D) and 4.2 ppm upfield (c2-d), from 
the reference deuteriochloroform, in the ratio 57:43. 
Thugs there is no evidence for the presence of deuterium 
ates cor C4. 

AScompatison of the (E) and (Z)-=2-butenals (Fig. 15) 
with the corresponding non-deuterated products (Fig. 7) 
indicates that exclusively deuterium is located in the 
Cl aldehyde group, as eaidemced by the absence of the 
aldehyde signals at 6 9.42 and 10.04. A reduction in 
intensity of both the C2 olefinic and C4 methyl signals 
is apparent which suggests the presence of deuterium at 
both positions. These conclusions are confirmed by an 
examination of the corresponding d.m.r. spectrum (Fig. 
17), which displays three distinct signals for each 2- 
butenal isomer. The signals 2.16 ppm downfield, 1.24 
ppm and 5.301 ppm upfield in the ratio 52:27:21 were 
tentatively assigned to the (E)-2-butenal. The signals 
2.76 ppm downfield, 1.38 ppm and 5.16 ppm upfield in 
the ratio 51:26:23 were tentatively assigned to the (Z)- 
2-butenal. 

inemrOOMMHZe spectrum Of the; pecovered 2 -vinyloxin— 
ane-3,3-d, was judged unchanged by comparison with the 
Starting material. thus the deuterium distribution an 


the products can be summarized as: 
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The 100 MHz nim.r. spectra of the thermolysis 
products from cis-3-deuterio-2-vinyloxirane are given 
in Figures 18, 19 and 20. An inspection of the spect- 
rum of the dihydrofuran produced (Fig. 18) displays an 
approximately 50% decrease in the intensity of the C2 
Eni pletmiouse 2) Mtrogethemiwith finevsp Mircinge intro 
duced into both the C2 and C3 signals. These observa- 
tions are consistent with the location of deuterium at 
OL. 

The spectrum of the 3-butenal produced (Fig. 19) 
displays a considerable decrease in intensity Ofetherc| 
aldehyde signal (6 9.8) and a small decrease in inten- 
sity of the C2 methylene signal (6 3.1) when compared 
to the corresponding non-deuterated product. These 


observations suggest the distribution of deuterium 
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between Cl and C2, a conclusion which is confirmed by 
an inspection of the corresponding d.m.r. spectrum 
(Figus 2) jae inesspectrum displays only two Ulstinct 
deuterium signals: 2.44 ppm downfield and 4.14 ppm up- 
Field in the ratio 69:31 respectively. Thus there is 
no evidence for the presence of deuterium at C3 or C4. 

A comparison of the spectrum of the (E) and (Z)- 
2-butenals (Fig. 20) with the corresponding non-deuter- 
ated products indicates a considerable reduction in 
the intensities of the Cl aldehyde signals. A small 
reduction in the intensities of the C2 olefinic and C4 
methyl signais is also apparent. These observations 
are consistent with a deuterium distribution between 
Cl C2 andaC4 this ise cont irmed bY an examination, of 
thes conresponding damn. spectrum: (Fig- 22) which dis - 
plays threesisignals,ain the ratio 8321077, correspond- 
ingeto: positions Ol CZ and Gh respectively... (ihe lack 
Siactgnelis fore (Z)-2-—butenal) in thesd mor. spectrum was 
icone eeciace buigma checks of athe  V008MHZs ni. mar. 
spectrum showed that the (Z)-2-butenal originally pre- 
sent had isomerized to (E)-2-butenal. 

An inspection ofthe O00 °MHz n-men. spectrum of 
the recovered oxirane (Fig. 23) shows the presence of a 
new signal (6 2.63) consistent with a small amount of 
Cis) Com trams isomerization, and that equilibrium had no 


been attained. 
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For the isomerization of cis to trans: 


H 
k 
0 el ee 
\ ae \ 
H k D 
H -] H 
the rate constant k is given by 
pee eno cece) 
l FAN 
where Ee is the equilibrium concentration of trans 
isomer 
c. is the concentration of trans isomer at time 
For the recovered sample at t = 190 min the percentage 


of trans isomer was determined as 17% by integration 

of the n.m.r. spectrum. Substitution of these values 
into the above equation gives ky = 1.8 x 10 > sec 
TO@utne Late ot masoneGl zation) Of Cis sto thans seand —thus 
the decomposition is proceeding at approximately seven 
times the rate of isomerization. Thus the deuterium 


distribution itn the thermolysis of cits-3-deuterio-2- 


vinyloxirane can be summarized as: 
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The MO0°MHZ Wem. f-espectra of themthermolysis 
products of trans-3-deuterio-2-vinyloxirane are shown 
in Figures 24. 25 and 26. The spectrum of the: dihydro- 
furan produced (Fig. 24) compared well with that for 
tiercorresponding product from the cis-oxtrane (Fig. 
ley e windicatingedciter ium loca tionsat (G2. 9 Ghe dom in: 
spectrum (Fig. 26) of sthe S-butenal’ tmdicated a deut— 
erium distribution between Cl and C2 in the ratio 47:53. 
ioe ehmoegiat tOnwot tine acorT responding #pem. it spec unum 
(Eom 25) icaviesst hema tio vasu06 9 3.1) 

The spectrumeor othe (b) and (Z)=-2>bueenals (rig. 26) 
adaif Indrecatesma cistriburion of “deuterium between, C1), 
C2andaloea wii chms cond hhmed aby anminspeetiom Of June 
cConmnesponding dam.ta spectrum (Figes29) vas aratio 
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The 100 MHz n.m.r. spectrum of the recovered oxir- 
ane (Fig. 27) displays an increase in the intensity of 
the 6 2.95 signal, an observation consistent with a 
small amount of trans to cis isomerization of deuterium. 
The trans:cis ratio was established as 84:16 by n.m.r. 
integration of the spectrum of the oxirane recovered 
froma 190) min thermolysis at’ 30/s4-C.9 “The rate con- 


stant was calculated as previously described for the cis 


to trans isomerization and gave a value of k = 1.7 x 10? 
al 
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The product distribution with time was determined 
for the vinyloxiranes 12, We and 21 in the static Pyrex 
system at 307.4°C. BNE Stave product percentages 
were measured by electronic integration of the thermal 
conductivity detector response. The detector response 
factors were assumed to be the same for each product. 

The condition of the reaction vessel was observed 
to have a considerable influence on the product distri- 
bation, It was noted earlier that traces of air in the 
system detracted from the reproducibility of the kinetic 
datarmand caused) avfast’ initial decomposition of ‘the 
oxirane. The product distributions obtained from 


thermolyses in the well-conditioned reaction vessel will 
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be considered first, and then the marked changes intro- 
duced by the presence of air in the system will be 
exemplified. 

The product distributions with time, in the well- 
conditioned system, for 12, 13 and 21 are shown in 
Figures 30, 31 and 32 respectively. The salient features 
of the thermal decomposition are apparent from an in- 
spection of Figure 30. The major course of the reaction 
is ultimately a fragmentation to carbon monoxide and 
propene. An induction period for this fragmentation is 
apparent, which suggests that it is a result of second- 
ary processes. The relative proportions of the isomeric 


butenals reach a maximum and slowly decrease thereafter. 


This is consistent with the thermal instability of these 
compounds under the reaction conditions. The 2,3-dihydro- 
furan is formed slowly and at a regular rate. It has 


already been noted that after ten half-lives the 
dihydrofuran is the major product produced apart from 
the fragmentation products. 

The influence of deuterium substitution is apparent 
from a comparison with Figures 31 and 32. The most not- 
able feature is the marked decrease in the rate of 
fragmentation to propene and carbon monoxide produced 
by successive deuterium substitution of the oxirane 


ring. The initial rates of formation of the butenals 
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KEYSEORTEIGURES 30-34 


O Propene and carbon monoxide 
@ 2,3-Dihydrofuran 
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FIGURE 30. Product distribution for the thermolysis of 12 at 


307.4°C in the well-conditioned system. 
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Product distribution for the thermolysis of 13 at 


307.4°C in the well-conditioned system. 
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FIGURE 32. Product distribution for the thermolysis of 2] at 


307.4°C in the well-conditioned system. 
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appear to be slightly reduced, and their thermal stability 
increased. lt appears that there is little effect on the 
dihydrofuran formation by the deuterated oxiranes. 

The presence of a trace of air tn the system has 
a marked effect on the thermal decomposition as can be 
seen i romoean inspection) of Figures 35 and 3. lhe striking 
feature is the complete reversal of the relative pro- 
portions of the isomeric butenals. The initial rates of 
formation of 3-butenal and (Z)-2-butenal are increased 
considerably, and apparently the 3-butenal is initially 
the major product of the reaction. Figure 35 shows a 
comparison of the thermolysis of 2-vinyloxirane with the 
change in condition of the reaction vessel. lt can be 
seen from an inspection of Figure 35 that the major 
featunes | saaneappreciable vincreasesin, thes pnopot tion of 
isomeric butenals. A smaller effect is noticeable on 
the extent of fragmentation but there is very little 
difference in the relative percentage of 2,3-dihydro- 
furan produced. 

From the results of the product composition studies 
it was felt that the formation af 25 -dbhydrhoruran 
Warranted further investigation. With the kinetic data 
available it was thought that an appropriate treatment 
mighteprovide kinetic data for the formation of 2,3- 


dihydrofuran from 2-Vvinyloxtrane. 
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FIGURE 33. Product distribution for the thermolysis of 12 at 


307-4°C with a trace of air in the system. 
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FIGURE 34. Product distribution for the thermolysis of 2] at 


307.4°C with a trace of air in the system. 
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FIGURE 35. Comparison of product distributions for the thermolyis 


of 12 at 307.4°C with change in the condition of the 


reaction vessel. 
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For a compound decomposing to several products by simul- 


taneous first order processes we can write: 
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The overall kinetics are thus also first order. 


We can write: 


a. 
ew 


B] 
dt dt 
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= k, [A] etce 


and therefore 


sta /- ae k [Al/k [A] = k)/k, 
ali dt 


A plot of [B] versus [A] should therefore be linear and 


the slope given by k )/k Since an internal standard 
was present in the kinetic runs we can equally wel] 


construct a plot of 
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where int. = integrator output from thesdetector. This 


plot has the advantage that the absolute percentages are 
meonsequential to the rate study. and errors inmtrodticed 
by the integration of poorly-shaped peaks are eliminated. 
Amey Dical ip lotvobtained is shown “in Figure 36.5, The -siope 
was determined by the least squares analysis as previously 
described -and the values “of the rate constants. tor the 
formation of 2,3-dihydrofuran at various temperatures are 
given in Table VI. The complete kinetic data are detailed 
in the Appendix. 

it should bemnoted that the reproducibility of* the 
rate constants twas not as good as that obtained for the 
rate constants for the overall decomposition. 

The Arrhenius activation parameters were determined 
DYPamieasit asguareswanid hySilS (Ol «d) pilot. Of Ogi kK ivetisils 
Cie/ats) 2 The variation of the rate constant with tempera- 
HUOnem TS SHOWN  Grapiicalily in Elgurers7 8 Ine values of 
the activation parameters at the 904 confidence level were 


estimated as: 
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TABLE VI 


Rate constants for the formation of 2,3-dihydrofuran 


Temp. Number of 10k (ec) 

(°c) runs + probable error at 90% confidence 
292070 4 C760 7+ "0203 + 0.04 
297.52 5 0.95 + 0.03 + 0.04 
2027216 5 Ee Are hel 8) se AR) 
307.40 5 i Optra iO 05 a 02.07, 
512550 5 Dn Dpase OU al 2 TO. 17 


“4.5 


-h.6 
-h.7 
4.8 . 
-4.9 
-5.0 
e 
1.70 127) a7 2 L733 1.74 i> i376 | 
FAGURE) 37% 


Plot of log k versus I1/T for the formation of 
2,3-dihydrofuran. 
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ANnVestimation. Ofethe deuterium isotope effect on 
the tormatiom of 2,3-dihydrofuran was made from the 
Kinetic iwata optained et 307.4°C. The mean Values of 
the rate constants together with their associated error 
limits are given in Table VII. The complete kinetic 
data are given in the Appendix. The observed isotope 
effects can thus be calculated and at the 90% confidence 


level were estimated as 


Compound k 7k 
13 elves PiGe Ursa is) 
21 Heist m0 et 


The observed isotope effects were of similar magnitude 
to those obtained for the overall decomposition process, 
but the errors were considerably larger. It should 

be emphasized that it would be unwise to draw any 
mechanistic conclusions from the behaviour due to the 


Unrelrabillity of the measured isotope eftects. 
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TABLE VII 


* 
Rate constants for the formation of 2,3-dihydrofuran at 


30 7c 
Compound Number of 10° k, (sec!) 
runs + probable error at 90% confidence 
bz (d,) 5 1.88 + 0.05 +0.07 
13 (cis d,) 3 leScmr 005 +0.13 
21 (d,) i 1.44 + 0.04 +0.07 


No correction has been made for isotopic purity. 
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(v) Control experiment 


lt was noted earlier that the thermolysis of 2-vinyl- 

oxirane-3,3-d, produced 3-butenal with an unequal distri- 
bution of deuterium between Cl and C2. It was thought 
that stne loss of deuterium at C2) could be the result of a 
surface-catalyzed exchange process. 

AVthermolysis of 2-vinyloxirnane was carried, Out in 
the reaction vessel which had been repeatedly treated with 
D609. The 2-butenals were recovered and analyzed by high 
resolution mass spectrometry. Under very high resolution, 
the M+l peak was resolved to show clearly the presence of 

12 


a signal due to CDA anc thus “them teas i biplipnymot ea 


surface-catalyzed exchange was demonstrated. 


AT GUREeeo. The vVeryehigh resolution mass spectrum of 
the MHll peak of the 2-butenals from the 


control experiment. 
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Discussion 


A. Product Studies 

The produces identified from the gas phase thermo ly- 
sis of 2-vinyloxirane were 2,3-dihydrofuran, 3-butenal, 
(E) and (2fo2-butena 1%, propene and carbon monoxide. From 
an inspection of Figure 30 it can be seen that the buten- 
als were initially the major decomposition products but 
soon gave way to a preponderance of carbon monoxide and 
propene. The thermal instability of the butenals under 
the reaction conditions was apparent from an analysis of 
the product composition after ten half-lives. Carbon 
monoxide, propene and 2,3-dihydrofuran were the only 
products present in appreciable amounts. 3-Butenal was 
almost totally absent and the isomeric 2-butenals were 
considerably reduced relative to 2,3-dihydrofuran. The 
condition of the reaction vessel was observed to have a 
considerable influence on both the rate of decomposition 
and the product distribution. The presence of a trace 
of air in the system caused a complete reversal of the 
relative (proportions of butenals, as Cen be seen from a 
comparison of Figures 30 and 33. An inspection of 
Figure 35 shows that the initial rate of decomposition 
was increased together with a concomitant increase in 
the Properuion of isomeric butenals relative to the 


amount of dihydrofuran. 
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Certain mechanistic tmplications are apparent from 
a consideration of the deuterium distribution in the 
tnermohysrs products. An examination of the p.m. r. 
spectrum (Figure 13) of the 2,3-dihydrofuran produced 
from 2-vinyloxirane-3,3-d, shows that deuterium is located 
exclusrvely atethe 2=position. The pener.s spectra of ethe 
2,3-dihydrofuran produced from the cis and trans-mono- 
deuterated 2-vinyloxiranes (Figures 18 and 24 respect- 
ively) are also consistent with deuterium located only 
at the 2-position. 
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couldvarise directly as a result of an initial carbon- 
oxygen bond cleavage. If we consider the possibility of 
a surface-catalyzed isomerization of the enolic form of 
3-butenal then we would expect to observe no deuterium 


at C2. We might also expect that some 2,5-dihydrofuran 


would be produced. 
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Theobserved deuterium locatton at C2 and the lack of 
Z,o7-0inydrofuran allow us to reject this mechanism as a 
nOULestOe2 o-dinydcotucan. 

A possible pathway which would be consistent with 
the observed deuterium location is the operation of a 
concerted 1,3-sigmatropic migration. This has been 
ruled out in a study (25a) of the divinyloxirane system 
where it was observed that the 2-viny1!l-2,3-dihydrofuran 
produced directiy from chiral trans-2,3-divinyloxirane 
was racemic. The operation of a concerted process has 
been similarly ruled out on stereochemical grounds by 


Chuche (24) in a study of E,E-2,3-dipropenyloxirane. 


oe Kt 


6b 5 6a 


~ 


The orbital symmetry allowed product is 6b but the 
observed product, which would be forbidden by orbital 
ne is the thermodynamically less stable 6a. This 
has been rationalized in terms of an isomerization at 


an intermediate carbonyl-ylide stage. 
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ne operatton Of this process in the 2-vinyloxitrane system 
WOU resUuiew lw ex clushVe. dette rium, locatnonmatel 2. 0buUt sa 
more detailed stereochemical test of the mechanism was 


hot undertaken in thits study. 
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ine deuterium distribution ine the 3-butrenal) pro- 
duced from 2-vinyloxirane-3,3-d, (21), cis-3-deuteric-2- 


vinyloxirane (13) and trans-3-deuterio-2-vinyloxirane (20) 
are summarized in Table VIII. 
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Of themLocation. of deuterium at only Cleand C2. Lite ss 
SOfPitterestato nore, that some deuterium has (been lost 
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Which may be the result of a surface-catalyzed exchange 
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ihe devutenium distribution in the 3-=butenal produced from 


thestnernolyses= ot 21... 13 cand 20) at 307 24 7c 


3-Butenal Figure # Method Cl G2 C3 C4 


from 21 16 (damon) 58 42 0 0 
14 (pam) 58 42 0 0 
from 13 21 (dimer) 69 31 0 0 
19 (pemees | mn 78 S220 0 
from 20 28 (dened) mn 7h Ss Me OT EO 


a. The integration of this spectrum was of poor quality 


b. The ratio of aldehydic deuterium to methylene deuter- 


ium changed upon the addition of Sule. The ratio 


quoted is that after addition of EN and is consid- 


ered to be unreliable for this sample. 
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process was established by a control experiment. When 
2-vinyloxirane was thermolyzed in the reaction vessel 


which hads been pre-treated with D.0, a smal] amount 


2 
(1~2%) of deuterium was incorporated into the 2-butenals 
produced. 

The similarity of the deuterium distribution in 
the 3-butenal produced from iss) and 20 indicates that there 
is no stereochemical preference for the mode of hydrogen 
migration, which suggests that the 3-butenal is produced 
from a random biradical intermediate rather than by a 
concenved process. It is likely that the observed deut- 
erium distrihbutvon is notvan exact reflection of that 
produced kinetically. If we consider the possibility of 
an intramolecular decomposition of 3-butenal to propene 
and carbon monoxide 
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then we might expect a difference in the relative rates 

of decomposition due to the presence of a deuterium iso~ 
tope effect. Such a reaction may be expected to cause 

the butenals to be enriched with deuterium at the aldehydic 
position and depleted with respect to the methylenic deut- 
erilmeechus preventing us from placingma precise, inter 


pretation on the migration ratios. “the location of 
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deuterium at only Cl and C2 has certain mechanistic im- 
DL ca blors. biawe consider the possibilitysor .a)i42- 
hydrogen shift either to carbon or oxygen, then we would 
expect 3-butenal and/or the dienol to be produced as 


im eialeproducts. 
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oO 


H 5 . — D 


The observed deuterium distribution could be accommodated 
by such a scheme, but we can rule out the reversible de- 
composition of an intermediate because otherwise we would 
have expected to observe some hydrogen incorporation into 
the aldehyde group of the 3-butenal produced from 21. 

The deuterium distributions in the 2-butenals pro- 
duced from the thermolyses of 2], is and 20 are summarized 
in Table IX. A quantitative determination of the deuter tum 
dystributvon could not. be obtained from the p.m.r. spectra 
dulesto=overlapping sighals for the (E) and (Z)) ‘isomers. 
ihemfaciinty of theaisomerization of (Z)i-2-butenal’ to 
(E)ie2— but ena | is appanent from the observation that two 


samples originally containing both isomers had isomerized 
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TABLE IX 


» 


The deutertum distribution in the 2-butenals produced from 
the thermmouyses oy 21,013 and 20 tat 50/.4 C, estimated 


from the d.m.r. spectra 


2-Butenals Figure # Ct C2 3 C4 
from 2] V7 ies) 52 27 0 2A 

Lee 51 26 0 23 
from 13 22 aE) 83 10 0 7 
from 20 ey (ei 68 18 0 14 


a. Signals for (Z)-2-butenal not detected. 
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to the more stable (E) isomer when the d.m.r. spectra 
were obtained. An inspection of the p.m.r. spectrum 
(Figure 15) of the 2-butenals produced from 21 indicates 
that only deuterium is present in the aldehyde group. 
The most notable feature of the d.m.r. spectra is that 
the deuterium is distributed between Cl, C2 and C4 in 
the 2-butenals produced from each oxirane. 

If we consider a 1,4-hydrogen shift as a possible 
GuLect aroOuve to thee 2-butenals.. Chen setiiusewoukd=sccount 
for deuterium at Cl and C& but would not predict deut- 


erium at C2. 


of 


D 
0 =< | 
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If we consider a mechanism whereby (Z) and (E)-2- 
butenal are interconverted via 3-butenal, then although 
thisecould result in a distmibution to CZ. 1t can be 
ruled out since it would require the presence of deuterium 


at C4 of the 3-butenal. 
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If, however, 3-butenal is an initial thermolysis 
product then we can consider a scheme whereby equilibra- 


tion with the enol might provide a route to the 2-butenals. 
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inesuch an@equilrbration the dtstrirbation or deuterium 
between Cl and C2 of 3-butenal would be maintained. A 
thermally allowed 1,5 hydrogen shift ez + ae) in the 
enol could then produce (Z)-2-butenal with a deuterium 
distribution in accord with the experimental observations. 
He spOsStDulity. of “reversibility cor sthe Wes shirt can 

be ruled out since it would require the incorporation 

of deuterium at C4 of the 3-butenal. 

This scheme implies that the thermodynamically 
favoured (E)-2-butenal arises via an equilibration with 
(2) —=2-butenal “it is known (36) thate(Z)-2-butenal tis 
thermally unstable and readily rearranges to the (E) 
isomer by a process that is accelerated by the presence 
of traces of acid. This scheme also implies that the 
2-butenals are secondary reaction products and therefore 
might be expected to exhibit an induction period for 
their formation. lf, however, the isomerization of 3- 
butenal was very fast then it would make the detection 
OF esuch an induction period Very difficult. 

A preliminary study (38) of the thermal treatment 
of a mixture of isomeric butenals (containing mainly 3- 
butenal) sat 260- “showed avrapid loss of 3-butenal to- 
gether with an increase in the proportions “of the 2- 
butenals, along with the formation of carbon monoxide 


and propene. This observation lends support to a scheme 
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wherein the 2-butenals are produced from 2-vinyloxirane 
as a result of secondary processes. 

Since the thermodynamically unstable 3-butenal is 
observed throughout the course of the reaction, in greater 
than sits thermodynamic proportions, it cannot be the 
species which is rapidly isomerizing to the 2-butenals 
and thus the dienol tautomer is suspected as being one 


of the primary products. 


B. Kinetic Studies 

Oyen wens temperature range 292-312°C the gas phase 
thermal decomposition of 2-vinyloxirane was observed to 
proceed by overall first-order kinetics. The formation 
of :2,3-dihydrofuran was observed to follow first-order 
kinetics, but due to the thermal interconversion of the 
butenals produced it was not possible to determine the 
Kinerte parameters for their formation. ihe occurrence 
of a fast competitive racemization process was detected 
when chiral 2-vinyloxirane was subjected to gas phase 
thermolysis over the temperature range 255-275°C. 

The Arrhenius activation parameters were determined 
for these processes and are presented in Table X. 

Dhesoccunmnmence Of a slow, competi Rive cus- trans 
isomerization process was observed during the thermolysis 


of cis and trans-~3-deuterio-2-vinyloxirane. Cias or 
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TABLE X 


Arrhenius activation parameters. for the thermolysis of 


2-vinyloxirane 


Reaction E log A Ref. 


Uverali@decompos ition) © 47.8.+0.3 ae teOrs eee aD lens 
Dihydrofuran 
formation 50.6 + 0.7 1423 roam tab eavit 


Racemization 4h .2 + 0.7 138 > tae le Ome Dt Grell 
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TABLE XI 


Rate constanitsrand relative rates for the reactions of 


2-vinyloxirane at 307.4°C 


Reaction beens Relative Rate 
Overall decomposition 1254 6.89 
Dihydrofuran formation 1.88 1.04 
Racemi zation (kobs) if dhe 40.2 
cis 2 trans interconversion 1.80 1.0 


a Extrapolated from lower temperature using the data from 


Table V. 
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TABLE XII 


Deuterium isotope effects on the thermal reactions of 


2-vinyloxirane 


Reaction SAGT/n Ref. 


(eee lees) 


Overall decomposition 140-220 Table IV 
Dihydrofuran formation 165-200 Table VII 


Racemization =0 Table V 


OZ, 


interest to compare the relative magnitudes of the rate 


constants for the thermal reactions of the 2-vinyloxirane 


system, which are illustrated in Table XI. From an in- 
spectton of Table Xi it Is apparent that the most. faci le 
thermal process is a racemization. The cis-trans iso- 


merization and dihydrofuran formation proceed at compar- 
able rates and are both slow relative to the overall rate 
of decomposition. 

The kinetic isotope effects for the thermal re- 
actions of 2-vinyloxirane in terms of the free energy 
change per deuterium SAGT/n are qivenm ine ?)ableu x llr 

if we consider an initial carbon-oxygen bond cleav- 
age as a possible mechanism for the racemization, then a 
subsequent rotation and recyclization would result in 


an enantiomerization of 2-vinyloxirane. 
H 4H 
H 
O Se O P Serr 
H D 
eee AC Lepnaese 
Ge ria te \ 
\ ss H H 
HOH 


This sequence of operations when applied to 3-deuterio- 


2-vinyloxirane would result in cis~trans isomerization, 
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Since no kinetic isotope effect was detected for the 
racemization then this mechanism would predict that race- 
mization and cis-trans isomerization would proceed at 
comparable rates. The forty-fold difference in the 

rates of these processes (Table XI) allows us to rule 

out this mechanism as a common route for the stereoiso- 
merizations. By the same argument we can rule out a 
similar route wherein a single rotation and recycliza- 
tion are preceded by an initial carbon-carbon bond 


cleavage. 


D 
———— D D 
oO O H 
a es a = O 
H H H 4 


A synchronous conrotatory carbon-carbon bond 
cleavage: to a planar carbonyl-y lide has, been suggested 
(25) as the most probable mechanism to account for the 
facile gas-phase racemization of thans-245- 0.1 iny Loxde 
rane. if we consider this mechanism as a reasonable 


candidate for the racemization of 2-vinyloxirane it 
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would, however, preclude the possibility of cis-trans 


isomerization. 
+ 
0 H 0 0) : 
oy ee aS te 
H H H aE 
D + 
D H 


The question arises as to how this mechanism can be recon- 
Ciledawithttherobsienvied Scis- trans. isOmenizat loneas) ne 
GUSemVat ions Ol clsatrans: NWsomeniizat lon Wn both aziridines 
(17 )tand “diviiny Voxirane (25) has been rationalized in 
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ylide or carbonyl-ylide, and such a process could equally 
well be operable in the 2-vinyloxirane system. 

The possibility of a slow reversible carbon-oxygen 
bond cleavage occurring competitively with the reversible 
PorhCE elite formation, and being responsible for the 
Slow rete Of Cis trans |someriization.. cannot readily be 
dismissed. 

If we consider that the rate of formation of butenals 
is given by subtracting the rate of dihydrofuran forma- 
tion from the overall rate of decomposition of the 2-vinyl- 
oxirane, then the rates of formation of butenals will be 
asain vablesx iil. 

The observed deuterium kinetic isotope effects on 
the formation of butenals from the deuterated vinyloxiranes 
are small when considered in terms of the traditional 
primary deuterium kinetic isotope effects wherein a C-H 
SERELChingemOde us paresot the react lon co-ordinates (39)e 
It has been suggested (40) that a reduced value of the 
isotope effect would be expected for a reaction proceed- 
ing via a non-linear activated complex, such as that for 
hydrogen migration in a pinacol rearrangement. The free 
€nergy change tor the 2-vinyloxirane-butenal intercon- 
version is given in Table XIV along with those of other 
processes wherein an isotope effect has been observed 


for a reaction which is principally a hydrogen migration. 
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TABLE XE 


Cabtculated tates of formation of butenals iin the 2oviny l= 


° a 
Cpliraide S\ySieenn 


Oxirane Butenal formation kK /kp 
POssecnay 
12 EO%:525) ee a 
13 GS AOZ diese V7, 
21 8.26 Vee2s7, 


~~ 


a. Calculated from the data of Tables III and VII 
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In an attempt to predict the magnitude of the kinetic isotope effect 
for the formation of butenals let us consider a scheme wherein the 
carbon-oxygen bond of the oxirane is cleaved to give a biradical 
intermediate which then undergoes a hydrogen migration, in the pro- 
duct determining step, involving mainly a C-H twisting mode as the 


reaction coordinate (44), 


Hy (D5) (D)H H(D) H(D) 
=e meanee XC e~ 
H H(p) 


in order to calculate the secondary deuterium isotope effect on the 
ring opening we have chosen the methylene group of oxirane (C,H i 0) 
as a model for 2-vinyloxirane and the methylene group of hexamethyl- 
ene tetramine (CoH. oN,,) as a model for the methylene group of the 
biradical. The infra-red vibrational frequencies of these two com- 
pounds have recently been assigned (45,46), together with the fre- 
quencies of c,5,,0 (47) and CpDI ON, (46). The pertinent frequencies 
are given in Table XV. 

{t has been suggested (48) that secondary deuterium iso- 
tope effects are the result of the creation of new, isotopically 
sensitive vibrational frequencies during the course of a reaction. 
If we now make a summation over the vibrational levels of our four 


models, the sum dAw is given by (49): 
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infrared frequencies used to calculate the secondary 


deuterium kinetic 


via 


Mode 


CH) stretch (A) 


CHestretch® (Ss) 


E Twist 


FEF. Rock 


1120 
1143 


821 


%.10672 


1013 


970 


896 


51] 


7947 


carbon-oxygen cleavage 


rape Bs 


2880 


1455 


W370 


V3:25 


850 


10835 


isotope effect for oxirane ring opening 


2110 


120 


1075 


1000 


670 


8203 


LOT. 


DRED Dee 


and using the data of Table XV we obtain SAw = 93 ae 
Since, Eo= hcew/2 then this is an energy difference (scr) 
eh eis wey noen which gives a calculated value of k/kp 
lot2 Tor the ring opening at 307 - 

ineorder to calculate the isotope effect ‘for the 
hydrogen migration in the rate determining step we neglect 
one twisting mode in the transition state and thus obtain 
dSAw = 325 Sao This would give a free-energy difference 
(A8GT) OTe 465ca le Higa which would them result in a 
value of k /kp = 1.50 for butenal formation at 307° 


The mechanism for butenal fofmatiion must fit the 


observed constraints that: 


(a)vcis-trans isomerization of the deuterated oxiranes /is 


slower than butenal formation, 


(b) a kinetic deuterium isotope effect is observed on the 


formation of butenals, 


(ce) that both cis and trans-3-deuterto-2-vinyloxinane give 
rise to comparable deuterium labelling patterns in 
thembutenaleproducts such as to Imply sthesstereocnent > 
cal equivalence of the methylene hydrogens (deuteriums) 


along the reaction coordinate. 


L025 


The data can be accommodated by a reaction scheme 
such that@ a, G-©  biradiical is @ post-transition State 


intermediate on the reaction coordinate as depicted in 


Fig hemor 
SAG! 
WY 
aa 
OxXirane 
butenals 
FIGURE. 39.5 React'ton, coordinate wherein the  biiradical is a 


post-transition state intermediate. 


It can be shown that a deuterium isotope effect in the 
second step of the reaction would be observed in the over- 
all kinetics... If we consider the data for the thermolysis 
of Gus ey Ce uite tm lO aa Valmys) Onl rate cls) then we can obtain 
an estimate of the difference in height of the free- 
energy barriers (sact, Figure 39) for the forward and 
Feyernse processes. Combining the valle lfor the trate of 
Cis-trans isomerization (ieee Olax 10°? see) Table 41) 
with the value for the rate of butenal formation 
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some 1.06 ieaieecta! higher than that for butenal forma- 
tion. 


sagt = Rt In (9.02/2 x 1.8) = 1.06 ey ry eo 


The factor of 2 is included since the molecules returning 
to the oxirane would have an equal chance of becoming cis 
or trans. 

This implies that for 1000 molecules arriving at 
the biradical intermediate, per unit of time, 716 would go 
on to products and 284 would return to the oxirane. Upon 


going to 2-vinyloxirane-3,3-d, (21) we might expect little 


2 
or no perturbation of the first energy barrier, but a 
deuterium migration in the second step should increase 


the height of the energy barrier in a transition state 


approximated by 


lf we consider the difference in the rates of butenal 
formation for 13 and 21 to be a manifestation of a kinetic 
isotope effect on the second step of the reaction, 


[k(21)/k(13) = 1.09], then of our 1000 molecules at the 
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intermediate staqesO5o=will-go on to butenals (716/1%..09) 
and 344 will return to oxirane. 

If we now consider the non-deuterated case (12) 
we would require that 836 molecules would go forward 
(FIG x 1.17) and 164 would go back. “This data are summar— 
ized in Table XVI. 

The small change in the molecules per unit time 
arriving at the intermediate, from a consideration of an 
isotope effect on the ring opening, would cause a minimal 
perturbation of the model. Since: the woveral |: fa ten of 
deecompostrtion of the oxirane is? influenced by the part- 
itioning of the intermediate between the forward and re- 
Verse reactions; it can thus be seen that the ‘small dif-— 
ference in the free-energy barriers for these two pro- 
cesses would allow an isotope effect on the second step 
to be observed kinetically. 

The data presented is best interpretedin terms of 
apcalnbon-Oxygensbihadical intermediate, Dut tie cis. | 
eae isomerization of the 3-deuterio-2-vinyloxiranes 
could equally well be occurring from a carbony !-y lide 
imcermediate: that 1s not upon the reaction tcoordinate ito 
biutena le formation. lfersuch: tS theycasemtinenetmeui.a cee 
determining thansitlomestate wold \ bes the Samesas Sug= 
gested Mieouineactionemode |, DUt lt sedi Gincu loutG 
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TABLE XVI 


LOS, 


The partitioning of the biradical intermediate A (includ- 


ing) and B (neglecting) a secondary deuterium isotope on 


Oxirane 


2) 


~~ 


the ring opening 


Intermediate 


A B 
946 1000 
1000 1000 
1060 1000 


Product 


656 


716 


838 


206) 


observed. For these reasons we prefer the biradical 


intermediate mechanism of the preceding paragraph. 
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All boiling points are uncorrected. 

Purifications by preparative gas chromatography 
(GC) were carried out on a Nester Faust Model 850 ''Prep- 
Peronarice: The columns used were 6 ft biwall tubing packed 
Wich) 20%, >,6. cOxyal propionitrile (ODPN}mor 20%) Carbowax 
1500 on Chromosorb S$ 30-60 mesh. The carrier gas was 
helium at a flow rate of 500 ml She TT INeee Ulm Gy, 10; 
materials was checked using a Varian Model 1200 Gas Chrom- 
arogravhewnthneros tt columns of 1/0 !@iadempacked swith lO. 
ODPN or 10% Carbowax 1500 on high performance Chromosorb 
WAW/DMCS 80-100 mesh. 

The nuclear magnetic resonance (n.m.r.) spectra 
were obtained using a Varian A60 or HAIOO spectrometer. 
The proton decoupled deuterium magnetic resonance spectra 
were obtained using a Bruker HFX 100 spectrometer. 

GC/Mass Spectrum analysis was performed on a 
Vanian 1200 gas chromoatograph coupled to an ASE. 1. MS 9. 

The optical rotations were determined on a Perkin 
Elmer Model 241 polarimeter. 

Microanalyses were performed by the Microanalytical 


Laboratory of the Department of Chemistry, University of 


Alberta. 
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A. Air Bath System 

Quantitative rate experiments were conducted in the 
static Pyrex vacuum system constructed as shown in the 
schematic diagram in Figure 40. The system was equipped 
throughout with Hoke stainless steel diaphragm and bellows 
ValVes~ us ihe: reaction vessel was anPyrex flask .(1000 mi) 
SutUatedmi near we ll—insulated alr ibathmwithean fas tard ur 
cireulation provided by a high=speed fan located at the 
bottom of the bath. Main heaters controlled by a Variac 
were used to bring the temperature to about 20° below the 
desired temperature, and secondary heaters controlled by 
a Melabs Model CTCIA proportional temperature controller 
were used to maintain the desired oven temperature. The 
temperature was measured by a five-junction ioneonc 
Stantan thermocouple which had been calibrated against a 
Hewlett-Packard (HP) Model 2801A quartz thermometer. The 
temperature stability of the system was monitored by 
coupling the output of the HP Model 3420B digital volt- 
meter to a HP Model 7100BM strip chart recorder. “The 
longterm stability was better than +0.1° and was typi- 
cally +0.06°. 

The Hoke Model 4213Q6Y high temperature valves 
(Viev2)veattached to the feaction vesse lyiwere located 
inside the oven to eliminate any dead-space effects 


during the sampling procedure. The vacuum manifold 
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valves (HI, H2, H3, H4) were Hoke Model 4251N6Y stain- 
less-steel bellows valves. The valves utilized for 
the GC sample injection system were quick-action Hoke 
Model C415K knife-edge stainless-steel bellows valves. 
Heating tape was applied to the oven inlet system from 
H3 to VI and maintained at 100°. Heating tape was 
applied to the oven outlet system and GC injector system 
and maintained sat 7 5. 

Sample analysis was performed on a 6 ft column 
(1/8"' i.d.) of 10% ODPN on high-performance 80-100 mesh 
Chromosorb WAS/DMCS with a helium gas flow rate of 25 
ml min”! coupled to a Gowmac Model TRIIB thermal con- 
ductivity detector. GC integration was performed with 
a HP Model 3370A electronic integrator. 

All samples for the kinetic runs were prepared 
fromematertrals dnied by dastrlilation: from -caletium 
hydride, and were degassed and transferred to break~ 


seals by standard procedures. 


ura ial 


a. Oil Bath System 

The kK /kp Study of the racemization of 2-vinyl- 
oxirane was conducted in breakseals of approximately 75 
ml volume placed in-a well insulated oil bath. The 
temperature was controlled by a Melabs Model CTCIA 
prOportional temperature controller, and measured by an 
HP Model 2801A quartz thermometer calibrated by the 
National Bureau of Standards. The temperature stability 
of the oil bath was monitored by recording the analogue 
output of an HP Model 2802A platinum resistance ther- 
mometer with an HP Model 3420B digital voltmeter coupled 
to a Strip chart recorder. The long term stability of 


the system was better than + 0.1°. 
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rcs) Preparations 
2sVinyloxirane: (12) 

The procedure was essentially that of Bottini (50). 
N-Bromosuccinimide (178 g, 1 mol) was added over 2 h to 
a well-stirred mixture of butadiene (108 g, 2 mol), dis- 
tilled water (500 ml), glacial acetic acid (5 ml) and 
ether (500 ml). The reaction mixture was stirred over- 
night and the excess butadiene was allowed to evaporate. 
The ether layer was separated and the aqueous layer 
extracted with additional ether (2 x 300 ml). The com- 
bined ether extracts were washed with saturated sodium 


chloride solution and the ether evaporated to give 129 g 


(85%) of crude 1l-bromo-3-buten-2-0l. This crude product 


was added dropwise to a hot solution of potassium hyd- 
roxide (290 g) in water (430 ml), and the 2-vinyloxirane 
distilled as an azeotrope bp 63-65°. The water was 
separated and the product dried over sodium sulfate and 
distilled to give 34 9° (592) bo) 63-64/705 stonn (lit.(50) 
65-65.8/739 torr). The 2-vinyloxirane was further 
purified by preparative GC on ODPN at 40°. The n.m.r. 


Spectrum ortMS \UCOC I. jean 2..635.(quat tethe WH) em 2e-9 oe (ua 


3 
Cote hee 3.3 5e (muttiplet.. tH)s andes .2-5.c. (multiplet, 


ZH) 


3-Butyn-l-ol (14). 
The procedure was essentially that of Schulte 


and Reiss (26). A suspension of sodium amide in liquid 
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ammonia was prepared by adding, over a period of 1 h, 
freshly cut’ sodtum*metal “(46"g, 92/0 g."atom) to liquid 
ammonia (1250 ml) containing a crystal of ferric nitrate. 
Acetylene (purified by passage through concentrated 
sulfuric acid then potassium hydroxide pellets) was then 
bubbled intovthe stirred suspensionw»,After 5 h pasieee 
suspension of sodium acetylide saturated with acetylene 
wasepuoduced. Ethylene oxide (128 qg,-2%9 mol) was) dis- 
billed inco the heaction mixture overva perlod «ot eb 5 aie 
The passage of acetylene was continued to maintain sat- 
uration. The reaction mixture was stirred overnight 
during the evaporation of the ammonia. Next day solid 
ammonium chloride (120 g) was added followed by methyl- 
enevchioride (1000 mt). Water (200ml) was then added 
and the reaction mixture was stirred to produce two 
clear layers. The methylene chloride layer was separated, 
the aqueous layer saturated with more ammonium chloride 
and extracted with methylene chloride (3 x 300 ml). 

The combined extracts were dried over potassium carbon- 
ate, and the solvent removed by distillation through a 
Vigreux column. The residual liquid was fractionated 
Steatnospherice pressuresto.give 7/9 og (554)) bpel2rot25. 
(Hite 27 129-/700) tocr). —lhe nem. .aspectraum.o IMS 
(CDCI) showed: 2.05 (triplet, IH) = 22425 (multiplet. 


SHS ee ktripletsa2h) sand: 34 00m (sing Wetars) Hi) 
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4-Chloro-l-butyne (15) 

The procedure was essentially that of Roberts (27). 
AGRE chloride (130 g, 1.09 mol) was added dropwise to 
agmixntuGe One3-butyn-l-o1] (67i9g, 4096 anol) and pyridine 
(245amb) ata rate such eter: exothermic reaction 
mixture was maintained below 10°. When about 20 ml of 
thionyl chloride had been added a brisk evolution of 
hydrogen chloride commenced and the reaction temperature 
begets to -fa lik. During the remainder of the addition the 
cooling bath was periodically removed so that the reaction 
temperature was maintained at 3-5°. After stirring for 
]} h the reaction mixture was gradually heated to reflux 
and refluxed 0.5 h. The mixture was added to ice-cold 
water (500 ml) and potassium carbonate added to neutral- 
ize the hydrogen chloride. The upper oily layer was 
separated, washed twice with saturated sodium chloride 
solution and dried over 4 A molecular sieves. Distil- 


lation at atmospheric pressure gave 67 g (79%) bp eee 


ClijtmesG=57-//762 torr). = Ihe namete. spectrum oo iNon (CDG) 


3 
showed: 2.00 (triplet, 1H), 2.61 (multiplet, 2H) and 


S57 (triplet, 2H). 


4-Chloro-l-butyne-I-d (16). 
h-Chloro-I-butyne (60 g) was dissolved in methylene 


chloride (200 ml), and repeated exchanges with deuterium 
oxide (50 ml) and barium oxide (50 mg) effected by vig- 


orous magnetic stirring for 24 h. Deuterium incorporation 
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was monitored by n.m.r. integration of an aliquot from 
the methylene chloride layer. After five exchanges the 
alkyne proton was no longer observable in the n.m.r. 
spectrum. The methylene chloride layer was dried over 

mn A molecular sieves and the solvent removed by spinning- 
band edistillation. Distillation ‘ot the residual liquid 


Gave D2e/ogu(c/7204) > si he nem... spectrum 6 IMS (COCl.) 


3 
showed: (2.6/7) (triplet, 2H), 93.62 (tripvet, 2H) “and the 


absence of the alkyne proton resonance. 


ys Chiloro-lt=butene=|—d, (7) 

The procedure was an adaption of that of Brown 
(28). Diglyme and boron trifluoride etherate were 
freshly purified before use. A mixture of diglyme 
(150ml). sodium borohydride (6.6 ¢, 0.18 5mol) and 2= 
methyl-2-butene (33.6 g, 0.48 mol) was stirred and 
cooled below 5° in an ice/salt bath. Boron trifluoride 
etherate (34.1 g, 0.24 mol) was added over a period of 
Aaiiedt ca vate such Anne the reaction temperature was 
maintained below 10°. The reaction mixture initially 
became homogeneous, and then a thick white precipitate 
of the organoborane was produced. After stirring for 
an additional 3.5 h the mixture was cooled to 0°. A 
solution of 4-chloro-1l-butyne-I-d (17.7 g, 0.2 mol) in 
diglyme (20 ml) was added as rapidly as possible while 


controlling the reaction temperature below 5°. The 
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reaction mixture was stirred overnight and allowed to warm 
to room) temperature. Next day, glacial acetic acid (100 
ml) was added at a rate such that the reaction mixture 
Was Maintarned bellow 5°." sAfter stirring an additional 

5 h at room temperature the mixture was added to ice-cold 
water (1500 ml) and extracted with methylene chloride 

(4 x 200 ml). The combined extracts were washed with 
cold sodium hydroxide solution then with saturated sodium 
chloride solution until neutral and dried over calcium 
sulfate. The methylene chloride was removed by spinning- 
band distillation and the residual liquid fractionated 
tOeGive-on/meg( 36.0107). bps 69-70. /7 00 'torrew ihe anim. 


Spectrunyo MS VCDGl_.) showed: 2.5 "(quartet,. 2H) 3250 


3 
CEriplet.s 2H. OF0) (multiplet. 1H) and .5205—s(doup let. 


iH)y 


Cliso2 -paCniighoethyl-3-deuterio-oxitane (18). 
(Z)-h-Chiloro-l—butene-|=d (6.3 g, 0.069 mol) was 
dissolved in methylene chloride (180 ml) and neva chloro 
perbenzoic acid (22 g, 0.127 mol) was added in portions 
Over aepemiod of -Os5 heat room tempenattre.uenAl ten isc1ra 
ring overnight the mixture was filtered to remove the 
precipitated meta-chlorobenzoic acid and then distilled 
at room temperature under reduced pressure. The dis- 
Himleste owas fractionated through a Vigreux column to 


remove the bulk of the methylene chloride and the res- 
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idual liquid fractionated to give 6.14 g (89.5%) bp 56- 
58°/28 torr. The n.m.r. spectrum & TMS (cocl,) showed: 
1.82 (quartet, 2H), 2.58 (doublet, 1H), 2.88 (quartet, 


Lo ligand 325% (triphetee2H). 


Cis gDeutetio=2-vinyloximanes (3) 

The procedure was essentially that of Reppe (29). 
A mixture of cis-2-B-chloroethyl-3-deuterio-oxirane 
(2.13 g, 0.02 mol) and finely powdered potassium hydrox- 
ides (526°g,,0.1 mol) was gradual ly heated) to 100° and 
the distillate collected in a cooled receiver, 1.49 g 
(100%).- Final purification was accomplished by prepara- 
tive gas chromatography (G.C.) on 20% 8,8'-oxydipropio- 
nitr eles tODEN)2 on Chromosorhd Wat 40°. =Theon. man. 
spectrum 6 TMS (coc1,) showed=. 261) (double tourlH) 1. 3.220 
(quartet, IH) and the vinyl group resonance as a multi-. 


plet 5.05-5.7 (3H). 


1,2,5,6-Diisopropylidene-D-mannitol (26). 


The procedure was essentially that of Tipson (3}). 
Eneshivyetused anhydrous zinc chlorides (l4lmg. i. 0 50mo 1) 
was stirred with dry acetone (704 ml) until dissolved 
andethe solution filtered. D-Mannitols (72.6 9, 0. 42emoh, 
Fisher Chem. Co.) was Baad and the white suspension 
Btirredavigorously at 20-25 Tor .0.5 hye then warmed |to 
45°. After 1 h the solution was virtually complete and 


it was then allowed to cool to 25-30°. The solution 


ie * ne 


ame ati ‘vie eee vaots ne fps | 
: Sowers tybae), eat Pa val pies - ° at aie 


insveuy! gas et hil ts ugo 7 tale -tee wp). 


‘tae 
givv) §2.t hoe Ht 


te 
i em "p.- s 


4 


vt Dray 


Sain Seeehte“a tals ee 
§ 


1. - ‘ 
or ob ieelbg eheee’ ste {ion 6078) oem 


Lefiht4 iow (4oe [.e 


‘ j j 
' 
egy 1 y : o |" ey 
e¢ = 


1 Pe i a, a> mias Senlt 7 iva Aw os ) Ports 


1 a sh ee whit: 73 


‘ _ 


VIS. 


was poured slowly into a vigorously stirred cold solution 
of potassium carbonate (176 g, 1.27 mol) in water (176 
ml). The mixture was filtered and the precipitate jex- 
tracted with ichleroform (2 x 500 ml)i-0 The chloroform 
extracts were added to the filtrate, the mixture shaken 
vigorously and the chloroform layer separated. The 
aqueous layer was extracted with a further portion of 
chloroform (500 ml). The combined chloroform extracts 
were washed with saturated sodium chloride solution 

(200 ml), dried over sodium sulfate and evaporated under 
vacuum to give a white solid (84 g). This impure pro- 
duct was recrystallized from a mixture of chloroform 
(120 ml) and n-pentane (1500 ml) to give 55 g (52.5%), 


Mpa 2g tent 20ST? lo) e 


lsopropylidene-D-glyceraldehyde ATO 

The procedure was essentially that of Baer (32). 
Pead tetra-acetate (Arapaho Chemical Co.) was reenystal-= 
lized from a mixture of glacial acetic acid and aeenice 
anhydride, and dried overnight in a vacuum dessicator 
protected from light over potassium hydroxide pellets. 
leewasvassayed by the procedure tot ef reser =(5|) "and the 
acrlvity found towbes69.02.. “Aesuspensi on ot d i= tso- 
propylidene D-mannitol (31.2 g, 0.119 mol) in anhydrous 
benzene (1000 ml) was stirred vigorously at room tem- 


perature and lead tetra-acetate (58.9 g, 0.119 mol at 
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89.6%) was added in small portions over a period of 0.5 h. 
After a further 0.5 h, a starch iodide test showed the 
presence of excess oxidant. A further portion of di-iso- 
propylidene D-mannitol (1 9) was added, and after 5 min 

a starch iodide test showed complete consumption of the 
Vead tetra-acetate. The reaction mixture was filtered 
and the precipitate washed with additional benzene (200 
ml). The filtrate was distilled through a Vigreux column 
at) /5-807/700 torr ce an oil bath maintained at 105- 
110°. The residual viscous oil was distilled under re- 
ducedspressure sto give 18.3'q (592). bps 30-40) / l-2 torn. 


The product was stored under nitrogen at 0°. 


Methylene triphenylphosphorane 

The procedure was essentially that of Schlosser 
(33). A suspension of sodium amide in liquid ammonia 
was prepared from freshly cut sodium metal (8.0 g, 0.348 
mol) and liquid ammonia (1000 ml). Methyltriphenyl- 
phosphonium bromide (96 g, 0.26 mol) was added and the 
reaction mixture stirred overnight during the evapora- 
tion of the ammonia. Anhydrous benzene (1000 ml) was 
added and the reaction mixture stirred and refluxed for 
fen to dissolve the ylid2 ) The vereure was cooled, and 
filtered under miutrogen ethrough aiZ25-50 jivsinter to 
remove the precipitated salts. Thepeucas yellow solu- 
tion of the ylide thus prepared was used directly for 


the next step. 


" } a ae , 


tS 


L207; 


(+)-(S)-lsopropylidene-3-buten-1,2-diol (28). 


The freshly prepared ylide solution was stirred 
under a nitrogen atmosphere and cooled in an ice bath. 
A solution of isopropylidene D-glyceraldehyde (18.3 g, 
0.14 mol) in benzene (50 ml) was added dropwise over 
|} h, and the reaction temperature held below 10° by 
external cooling. After a further 1 h the excess ylid 
was destroyed by the addition of a solution of acetone 
in benzene until the reaction mixture was essentially 
colourless. The reaction mixture was filtered and the 
benzene removed by distillation through a Vigreux column. 
The residual oil was diluted with hexane (1000 ml), 
stirred vigorously, and then filtered to remove the pre- 
cipitated triphenylphosphine oxide. The filtrate was 
washed with water and dried over 4 A molecular sieves. 
The solution was distilled through a Vigreux column to 
remove benzene and hexane and the residue distilled under 
reduced pressure to give 10.5 g (59.5%) bp 50-52°/50 torr. 


An analytical sample was purified by preparative GC on 


ODPN. 
Anais Calcd. 0 tor ClH) 29): Ce 65 25725 ee Oe aie 
Found: Ci 65.3.9 25, eee Oe Oy ee 
24 24 
: ; 5 ees Liye 
[alegg + 30.96 ; [al 366 * 105.7 3° (928° g/100 mi propanol) 


Thiemn.mvr. spectriim 6° TMS (cocl,) ShOweds, be 57) (singlets ssh. 
WeoOnisinglet, 2H ),momuce (triplet, IH), 4.1 "(quartet,, EH), 


ho5 (quartet, 1H);°5.1°=16.2 (multiplet, 3H). 
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(-) - (S)-3-Buten-1,2-diol (29) 

The procedure was essentially that of Meric and 
Vigneron (52). Dilute hydrochloric acid (3N, 25 ml) 
was added to a solution of isopropylidene-3-buten-1,2- 
diol (10.0 g) in 98% ethanol (115 ml), and the mixture 
Repluxed for A fh. It was then cooled and the excess 
acid neutralized by careful addition of solid sodium 
bicarbonate. The mixture was filtered and the precipi- 
tate washed with fresh ethanol (200 ml). The filtrate 
was evaporated under reduced pressure to give a vis- 
cous oil together with some inorganic salts. This 
product was dissolved in methanol (50 ml), and ether 
(250 ml) gradually added with vigorous stirring. The 
mixture was filtered to remove the precipitated inorganic 
salts and the filtrate was evaporated to give a clear, 
pale yellow oil. Residual water was removed by azeo- 
tropic distillation with benzene. The combined yield 
Ofeaciol trom tour of the above runs was 2)eq. Diseil lation 


under reduced pressure gave 20.4 g, bp 58-60°/2 torr. 


[a) 22 - 43.6; [a] = 152.8: (4.62.0q/100 mi. \2-propano! ). 
To check for any racemization during the cleavage 

of the isopropylidene group, a sample of the diol was 

converted back to the isopropylidene ona Vea treat- 

ment with 2,2-dimethoxypropane in the presence of a cata- : 


lytic quantity of p-toluenesulfonic acid. The product 


was purified by preparative GC on ODPN and the rotation 
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measured: 


22 22 
[oligg eZ OG lol 365 + 100.802 )(6.32 9/100 ml, —2-pro- 


panol). 
It was thus concluded that less than 5% racemization had 


occurred during the cleavage of the isopropylidene group. 


Chao) = 2- Vin Vioxx iran emis). 
Resolution ot “(0S )=3-buten-ly2adiolui2+20"q, 0.025 


ean ~ 43.6) in dry pyridine (25 ml) was stirred 


mol, [a] 
and cooled below 5°. Freshly recrystallized p-toluene= 
sulfonyl chloride (5.25 a 0.028 mol) was added over 10 
min and the mixture stirred 18 °h at 5°; The reaction 
mixture was poured into ice-cold water (125 ml) and 
extracted with several portions of ether. The combined 
ether extracts were washed with ice-cold hydrochloric 
acid (3N)Suntil the washes remained acidic. The ether 
extracts were then washed with eaturaced sodium bicar- 
bonate solution, followed by a saturated sodium chloride 
solution and dried over anhydrous sodium sulfate. 
Evaporation of the ether at room temperature gave a 
colourless o1!" 5.72 ¢ (96%)5 which rapidly crystal lized: 
To the monotosylate thus prepared was added finely 
powdered potassium hydroxide (8 g), and the mixture 
gradually warmed in an oi] bath to 100-1710°. The 
distivlate was collected in a cooled receiver... ~ From 


several runs, the yield averaged 1-1.5 g of 2-vinyloxir- 
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ane containing a small amount of ether and water. The 
2-vinyloxirane was further purified by preparative GC 
On, ODPNeat 407, 
25 25 
tO 300; 2 = 
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1-Acetoxy-1I-cyano-2-propene (2205 

The procedure was essentially that of Chedron (30). 
Acetic anhydride (79 g, 0.77 mol) was added dropwise 
over 20; mini to a solution of freshly distilled acrolein 
(43536q,) Ovs 7 mol). in benzene. (505m!) at. -10- 8A, so)u- 
tion of sodium cyanide (55 g, 1.12 mol) in water (280 ml) 
was added to the reaction mixture over 1.5 h at -5° to 
=l0°. Efficient cooling was necessary to control the 
temperature of this exothermic reaction. The reaction 
mixture was stirred a further |! h and then allowed to 
warm to 5° resulting in two clear layers being produced. 
The benzene layer was separated and the aqueous layer 
extracted with additional benzene (2 x 100 ml). The 
combined benzene extracts were washed with dilute acetic 
acid (2% 100 ml), saturated sodium bicarbonate: (3 x 100 
ml), water (2 x 50 ml) and dried over sodium sulfate. 
The benzene was evaporated and the residual oil distilled 
under reduced pressure to give 80 g (83%) bp 58-60°/6-7 


torr (lit. 63-65/10 torr). 
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Methyl 2-hydroxy-3-butenoate (23) 


~~ 


A solution of l-acetoxy-l-cyano-2-propene (100-sa5 
0.80 mol) in anhydrous methanol (100 ml) was heated to 
reflux, and a mixture of methanol saturated with dry 
hydrogen chloride (86 ml) and concentrated hydrochloric 
acid (22 ml) was added dropwise. The rate of addition 
was such that the reaction mixture was maintained at re- 
fiux. the mixture was refluxed an additional 2.5 h and 
then filtered to remove the precipitated ammonium chlor- 
ide. The filtrate was evaporated to give 5 CORAL 
Poin together with ammonium chloride. This was diluted 
with ether (500 ml) and added to a vigorously stirred 
Saturated solution of sodium bicarbonate. The ether 
layer was separated, washed with water (2 x 100 ml) and 
dried over sodium sulfate. The ether was evaporated 
and the residual oil distilled under reduced pressure 


to give 52.4 g (56%) bpit5 000ml 2 a CO leith OO aliemtOr ts) 


sebutena i, 2ediolsl, lied. (24) 


Lithium aluminum deuteride (5.0 g, 0.12 mol, Ven- 
tron 98.5%) was added to freshly dried ether (350 ml) 
under a nitrogen atmosphere, and the mixture cooled 
tneice:) A=solutton of methyl *2-hydroxy=3-butencate 
(17.5 9, 0.15 mol) in dry ether (50 ml) was added drop- 


wise over 1 h, and the reaction mixture stirred an 
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additional 40 h at room temperature. Ether (100 ml, sat- 
urated with water) was then added dropwise, followed by 

a saturated solution of sodium potassium tartrate in 
water. The ether layer was separated and the aqueous 


layer subjected to continuous extraction with ether for 


3 days. The combined ether extracts were evaporated 
and the residual oi! azeotroped with benzene to remove 
any residual water. The residual oil was then distilled 


under reduced pressure to give 9.9 g (73%) bp 65-68°/2 


torr. 


2-Vinyloxirane-3,3-d, (2 Wy) 


The procedure was that previously described for 
theeconvers ion of »(=)-(S)—3=butens| +2 dio lm rom(t )10S )— 


2=Viny loxrranes. The nm.m.r. spectrumro IMS e(CDGle )s 934315 


5 
(triplet, 1H),; 5.2 - 5.8 (multiplet, 3H). The deuterium 


incorporation was estimated to be 98.5%. 
(EJEHoChloroal-butenealed Se) 


The procedure was essentially that previously des- 
cribed for the conversion of 4-chloro-I-butyne-I-d to 
(A) h—chloyo a) abu vene = ied: 4h-Chloro-Il-butyne was treated 
with disiamylborane followed by protonolysis with 
deuterioacetic acid. The deuterioacetic acid was prepared 


by treatment of acetic anhydride with deuterium oxide 
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according to the procedure of Roberts (27). The product 
was purified by spinning-band distillation to give a 
h7.5% yield of (E)-4-chloro-1-butene-I-d. Thernem. ne 
spectrum 6 TMS (cdCcl,) showed: (2¢5# (quartet, 2H), 3.56 
(triplet, 2H), S25 = 6.2 (multiplet, JH) and 5.1 (doub- 


let, JH). 


trans-2-68-Chloroethyl-3-deuterio-oxirane 


The procedure was that previously described for 
the epoxidationsof ~(Z)=4-chloro=|-butene-l-d. The pro- 
duct was distilled under a aneed pressure to give a 58% 
yield of transeZ=pecnboroethyt -3-deutegiozexirane: The 


nam.be Spectrum=O8IMS"(CDCGL.) showed-52,0 (quartet, 2H). 


3 
BxOSe (ti plete. s2H) 52-53 doublet. -Hisand 3. 05. (mulet- 


plete): 


trans-3-Deuterio-2-vinyloxirane (20) 


The procedure was that previously described for the 
conversion of ClisaZ-B2chlocoethy |S jodeutenmioro xr ane 
to cis-3-deuterio-2-vinyloxirane. The product (91%) 
was purified by preparative GC on ODPN at LhO°. The 
n.m.r. spectrum TMS (cOC1,) showed: 2.50 (doublet with 
fifemsplittings alH) 3.20 (mululpléet,. 1H). eandathesvinya 
group resonance as a multiplet 5.05 - 5.7 (3H). The 


quartet centred 6 2.81 was attributed to the presence 
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of undeuterated 2-vinyloxirane. Careful integration oT 
the n.m.r. spectrum indicated that the product was a 
mixture of trans-3-deuterio-2-vinyloxirane (81.4%) and 


non-deuternated Z-Vinyloxirane (18.6%) 


Ce Rea vumyl oxd mare 


This was prepared by partial asymmetric destruction 
of 2-vinyloxirane with di-3-pinanylborane by adaption of 
the procedure of Brown (34). A mixture of sodium boro- 
hydride (0.165 g, 0.0044 mol), (+)-a-pinene (1.36 g, 
020] mol -SAldrich, a, + 43.5°, neat) and diglyme (10 ml) 
was stirred and cooled under a nitrogen atmosphere in 
an ice bath. Boron trifluoride etherate (0.71 g, 0.005 
moljewas maddedadropwise over 0.5 Nat such a rate that 
the reaction temperature was maintained below 5°. After 
stirming tor 4 oh (below <5) “the resulting whrte sus-— 
pension was cooled to -30° and vinyloxirane (0.70, 0.01 
mol) was added rapidly. The mixture was maintained rae 
-10° for 1.5 h and then water (0.5 ml) added to quench 
the reaction. It was then distilled at 0° under reduced 
pressure into a cooled receiver (acetone/CO,), and the 
water layer separated from the distillate. The product 
was purified by preparative GC on a 6 ft Carbowax 1500 
column at 40° to give 0.246 g (34%) of (-)-(R)-2-vinyl- 


oxirane: 
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[a] 634 Sn0).6 7157; alee. > 5.040 (4.444 g/100 ml, 2-propano!). 


The optical purity was estimated to be about 9% based on 
the (+)-(S)-2-vinyloxirane obtained by synthesis from De 


mannitol. 


(~)-R)-2-Vinyloxirane-3,3-d, (31) 


This was prepared by partial asymmetric destruction 
of 2-vinyloxirane-3,3-d, by the procedure previously 
described for the non-deuterated 2-vinyloxirane. Puri- 
fication by preparative GC on Carbowax 1500 at 40° gave 


Owns lege as 5 4) OF (-)-(R)-2-vinyloxirane-3,3-d.: 


25 


do a 
[a] OCH lied ar 


= 5.752 (3.606 .g7 009ml, 2=propanc |). 
The following vinyloxiranes were prepared and their 


thermolyses await our further investigation. 


2-Methyl-2-vinyloxirane (36) 

The procedure was Bec aty that previously des- 
cribed for the conversion of 1,3-butadiene to 2-vinyl- 
OM panes Wubi zingezomethy li 1,3 >butadiieneras the star ting 
material. 2-Methyl-2-vinyloxirane (33%) bp 76-78°/705 
torre-Uli te Sl / 735 torr (53)) was purtfied by preparative 
GC on ODPN. The n.m.r. spectrum 6 TMS (CDCI) showed: 
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(multiplet, 3H). This oxirane has previously been pre- 
pared by epoxidation of isoprene with peracetic acid in 
ether (54), and by base catalyzed cyclization of 1-chloro- 


2-methyl-3-buten-2-ol1 (55). 


3,5 -Dimethyl-2-vinyloxirane (37) 

This was prepared by epoxidation of 4-methyl-1,3- 
pentadiene with meta-chloroperbenzoic acid following the 
procedure previously described for the epoxidation of 
(Z)-4=chloro-l-butene-1-d. The procedure was modified 
slight hysin thateonly sa l0% excess: ofemetanchloroperpen- 
zoic acid was employed and the reaction mixture maintained 
at O77. 8The product bp 94°/705 torr was purified by 
preparative GC on ODPN at 40° and eluted from the column 
as a single peak. The n.m.r. spectrum indicated that the 
product was the oxirane produced by epoxidation of the 
more highly substituted double bond. The n.m.r. spectrum 


SvIMS (CDCl) showed: 1.31 (doublet,. 6H), 3.18 (doubler. 


3 
1H) and 5.17-6.07 (multiplet, 3H). Stogryn (56) gave 
bp 97 - 98°, but no additional data for the oxirane 

obtained by treatment of 4-methyl-1,3-pentadiene with 


meta-chloroperbenzoic acid. 


cis-3-Methyl-2-vinyloxirane (38) 


eT 


The epoxidation of (Z)-1,3-pentadiene with meta- 


chloroperbenzoic acid by the previously described pro- 
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cedure gave an approximately 4:1 mixture of two components. 
Preparative GC on ODPN at 70° cleanly separated the two 
components in a combined yield of 55%. The n.m.r. spect- 
rum of the major component indicated that this was Coie 


S-methyieZavinyloxirane, Owins (CDCIO)= ).26uldoublete 


3 
SH) Ge B02 -93-48 (doublet. 2H) and 75175-96707) muleurpiets 
oH) LheSieMaben Spectrum of the minor component, indt- 
cated that this was (Z)-2-propenyloxirane CoE 6 TMS 
(cDcl,): iz 92. (doubletewi th finemsplltcrng wes Hie 260 
(GUaT tet wal )mn2eo5 Giriplet... tH) 35 o nUnuleip lets. Hie 
S.O03 (thipliet with tine splitting, ih) cand .5. 530-6. 07 
(multiplet, 1H). These two oxiranes have previously 


been prepared by epoxidation of (Z)=1,3>pentadiene with 


peraceticeacidyin ether (54). 


trans-3-Methyl-2-vinyloxirane (40) 


The epoxidation of (B)-l,3-pentadiene gave -an 
approximately 4:1 mixture of two components, which were 
cleanly separated by preparative GC on ODPN at 70°. The 
n.m.r. spectrum of the major component indicated that 


): 


this was trans-3-methyl-2-vinyloxirane, 6 TMS (cocl, 
leslie (doublet, 3H), 2.70 = 3-125 (multiplet, 24) and 
Be07, =) 5.67 (multiplet, 3H). The nomers “spectrum of 


the minor component indicated that this was (E)-3- 


propenyloxirane (41), 6 TMS (cDC1,): 1.87 (doublet with 
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Rine asp hitting. 3H)',)-2..60, (quartets: 1H): 2.93) (triplet. 
Ue s aes as 8 i(mulit ip let 1H) .2 5.8) 6. ecquantet: Withee? ine 
splitting, 1H) and 5.70 - 6.12 (multiplet, IH). These 
two oxiranes have previously been prepared by epoxidation 


of (E)-1,3-pentadiene with peracetic acid in ether (54). 


Gransn3 -Methy l= (BE )i=2=propeny loxiranes (42) 


The epoxidation of (E,E)-2,4-hexadiene with meta - 
chloroperbenzoic acid gave a single product (73%) which 
was purified by preparative GC on Carbowax 1500 at 60°. 
The n.m.r. spectrum 6 TMS (cDCI,) showed: 1.31 (doublet, 
THe ler 2) (doublet with tine spl tt moss oH ee 2ee7 se 
g-t2 (MU ti plet, 2H), Selo (quartet with Finesse tgs 
tHjeeand 5.00 — 6.23 (multiplet, LH). sats nemst spectrum 
is in close agreement with that recently published (57) 


for trans-3-methyl-(E)-2- propenyloxirane. 


cis-3-Methy!-(Z)-2-propenyloxirane (43) 


The epoxidation of (Ze ijia2at-Nexaduene with meta- 
chloroperbenzoic acid gave a single product (65.5%) which 
was purified by preparative GC on Carbowax 1500 at 70°. 


The n.m.r. spectrum 6 TMS (CDCI1,) showed: 1.27 (doublet, 


3 
SH eel 7.8 e(doubletiwith fine SplittingasH) > 93.20 0(qua na 
Cente tH)= 3.602, (quartet, 1H), 5.20-(triplet@with tine 


Splitting lH) ande5.5/7, 76. U2 (multiplet, TH) This 
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n.m.r. spectrum is in close agreement with that recently 


published (57) of cis-3-methyl-(Z)-2-propenyloxirane. 


3,3-Dimethy1-2-B-methylpropenyloxirane (44) 

The epoxidation of 2,5-dimethyl-2,4-hexadiene with 
meta-chloroperbenzoic acid gave a single product which 
was purified by preparative GC on Carbowax 1500 at 80°. 
The n.m.n- spectrum appeared satisfactory for the expect— 


ed product:.and showed 6 IMS (GDC): "ih. 32. (degblet, 6H), 


3 
278 (doublet, 6H), 3.35 (doublet, TH) "and 4708" = 5233 
(multiplet, IH). This oxirane has previously been pre- 
pared by the epoxidation of 2,5-dimethy1l-2,4-hexadiene 


(58) and the-n.m.r. spectrum is in agreement with that 


previously published (59). 


Chiral 2-methyl-2-vinyloxirane 

A partial asymmetric hydroboration of 2-methyl-2- 
vinyloxirane was carried out as previously described 
for 2-vinyloxirane. The conditions were modified slightly 
in that the reaction mixture was maintained at -10° for 
Sez5 hoinstead Of sl.5ooh. = After purifiicattongby prepara 
tive GC on Carbowax 1500 at 50° a 29% recovery of 2- 


methyl-2-vinyloxirane was obtained: 
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The partial asymmetric hydroboration was repeated under 


identical reaction conditions using di-3-pinanyl borane 


Ze 
D 


recovered Z2Z-methyl-2-vViny)ox itane showed 


prepared from (-)-a-pinene [a] 45°, neat). The 


22 25 
[olegg Po eee TEE In lol 3g. + 183/70) (9-04eg/100smil-a2-propancl). 


Chitral transo3-methyl-2-3(£)-propeny loxtrane 

A partial asymmetric hydroboration was performed 
on the racemic oxirane as previously described for 2- 
methyl=2-Vvinyloxtrane. The specific rotation of the 
partially resolved oxirane thus obtained was: 


2 22 Q 
lolegg + 9.16, lol 366 + 26.10 (3.92 g/100m1, 2-propano))- 
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APPENDIX JA: 


Kinetic data for the thermolyses of the 2-vinyloxiranes. 


[. Rate constants and activation parameters for the 
everall decomposition of 2-vinyloxirane and the formation 
of 2,3-dihydrofuran were obtained from the data of Runs 
PUetOne 33. 
Z-. Rate constants and activation parameters for the fac- 
emization of 2-vinyloxirane were obtained from the data 
of Runs #43 to #46. 
3. The kinetic deuterium isotope effects on the overall 
decomposition of 2-vinyloxirane and on the formation of 
2,3-dihydrofuran were obtained from the data of Runs #26 
Lom, 42s 
4. The kinetic deuterium isotope effect on the rate of 
racemization of 2-vinyloxirane was obtained from the 
data of pages 187 and 188. 
5. The product proportions from the thermolyses were ob- 
tained irom the data ofeRunser26 touf42. 

it should be noted that, with the exception of Run #17, 
Runs #1 to #24 have no integration values included for 
the 2-butenals. This is a consequence of the small analyt- 
ical sample withdrawn and the higher column temperature 
(50s) Used, which prectuded a reliable integration of the 


2-butenal peaks in the chromatogram. 
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The racemization of 2-vinyloxirane at 265.0°C 


Run #43 
; ; 25 25 : 
Time oxirane a [a] log, ,([a.]/[a_]) 
(min) (3) obs 436 10-5 st oO 
6) 100 1.603 23-035 
90 Sye2Z be24l 18.358 -0.0986 
1206 96.4 L077 17.028 =O2 13.02 
150 96.1 1.118 15.755 -0.1650 
*180 O53 1.096 14.457 -0.2023 
210 95.3 0.897 13.688 -0.2260 
240 93.9 0.810 12.867 -0.2529 


* 
neglected in least squares analysis 


3.9603 x WOM asec. 


Least squares analysis gives: k 


i 


standard error: = 7.38 x 10. 
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The racemization of 2-vinyloxirane at 275.0°C 


Run #44 
ie ef Means o are (Chee log, 9 (La,1/[o,]) 
(436 nm) 
0 100 1.603 25)5035 
30 Sp 3s) 1.406 19.008 -0.0835 
60 9622 12262 16.202 -0.1528 
50 94.8 02977 14.170 =0 2110 
#120 92.6 0.905 112553 -0.3004 
150 91.4 0.644 10.659 0.3347 
180 9052 O2553 9.008 -0.4039 
*210 88.9 O0m37 2 8.092 -0.4543 
240 C7 al 0.387 6.697 -0.5365 
& neglected in least squares analysis 
Least squares analysis gives: k = 8.2197 x 10° sect 
7 


Standard error: 9.29 x 100 
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The racemization of 2-vinyloxirane at 255.0°C 


Run #45 
pute a os ialieg log) ) (la, }/la,]) 
0 100 1.603 23.035 
60 98.8 1.520 20.931 -0.0416 
120 97.6 1.369 19.858 -0.0645 
180 Whos) e271 18.724 -0.0900 
240 96.7 ios 72525 -0.1187 
300 96.5 1.141 16.244 =O oy 
360 95.3 lea 14.891 -0.1895 
422 94.9 02952 14.359 =0°2053 
482 93.4 0.895 13.481 =Oe7 a2: 


* neglected in least squares analysis 


Least squares analysis gives: k = 1.7693 x 107? se 


idle eine 


standard error: 
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Run #46 


Time 
(min) 


270 


300 


The racemization of 2-vinyloxirane at 265.0°C 


vse otal 
190 1.603 23 
97.4 12193 18 
96.9 TAG 16 
96.2 1ei26 15 
95.4 0.979 14 
95.0 0.898 13 
94.5 0.834 12 
S320 0.781 VW 
9256 0.663 11 

Least squares analysis gives: 


Standard error: 


rah 


log, gla, 1/La,]) 


me 
3.9190-x 10 


7257 x 10) 


7 


.0979 
wb s20 
eg )s) 
.1970 
$2263 
2584 
. 2838 
~3127 


sec 
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APPENDIX B. 


Programs for the Hewlett-Packard Model #65 calculator. 


The programs LSQ |! and LSQ 2 are used to evaluate the 
best Straight-line fit, and the associated error limits. 
according to the method of least-squares for an equation 
of the form y = a + bx. The computational procedure follows 
that of Swinbourne (37) outlined in the Results Section. 

The program LSQ | allows input of the number of data 
points (n) and the values of the corresponding x,y pairs. 
The appropriate constants are included in the program 
such that: 

a. For the treatment of first-order kinetic data the entry 
of time, x (minutes), and the logarithmic tunction, -y. 
gives the rate constant in sec. 

b. For the evaluation of Arrhenius activation parameters 


the sentry ot jog k, -y (occ e and the reciprocal temper- 


= 
ature, x (°K), gives the value of E, in cal.mole 


The program LSQ 2 takes the data generated by LSQ |! 
and evaluates the standard error of the slope and inter- 
cept. {t should be noted that the term "standard error" 
defined by the treatment of Swinbourne is the same as the 


more generally used term ''standard deviation". 
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SAMPLE USER 


step 


Enter ESQ. | 
Initialize 
Bn ee Geen 
Emer 21% 
Enter y 
Repeat steps 4 and 5 
foo each data pair. 
Compute Slope 
Compute intercept 
Compute rate 
Compute ES 
Enter LSQ 2 
Compute error 
Compute error 
Compute error 


Compute error 


INSTRUCTIONS. 


Keys 


RTN RS 


RS 


ENTER 


RS 


Bye 1 0 


Output 


Slope 
intercept 
Rate igse 


z) 


E_ (cal.mole~ 
a 

S. e. intercept 
S. e. slope 
Swe rate 


S.2e. E. 


; tonne 
er 
: ° > : 


wa 


33 


35 


EM) 


34 


34 


34 
35 


34 


34 
34 
34 


33 
34 
34 
34 


33 
34 
34 
34 
34 


33 
34 


34 


34 


(IN 


34 


34 


34 


34 


34 
34 
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